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ABSTRACT

Although they were first discovered more than a century ago, modern enzymatic electrodes
used in enzymatic fuel cells and enzymatic amperometric sensors are a rapidly diversifying
field, the applications of which have yet to be fully realized. The design parameters that
guide the research and industry are also changing as the fundamental mechanisms at the
core of the technology become clearer. One of the key design parameters is concerned
with how the enzyme catalyst engages the underlying electrode current collector. This one
design consideration has led to considerable branching of the field into different
fundamental endeavors such as development of enzyme immobilization techniques,
research in to the different interfacial electron transfer mechanisms, electrode material
characteristics, enzyme orientation in relation to the electrode, and modifications to the
electrode to mediate or promote the charge transfer. This work attempts to look at the
overall picture of enzyme engagement of the electrode and the subsequent impact of these
different characteristics on the overall performance of the electrode. The goal of this work
vi

is to develop immobilization, orientation, and electrode modification techniques and to
characterize the impact on the electrode. To accomplish this, different bi-functional
tethering agents are compared with covalent bonding of the enzyme to the electrode. Two
different enzyme orientation techniques are developed, one involving the interaction
between an enzyme and its natural substrate and the other involving the interaction of an
electric field with the enzyme dipole moment. The internal electron transport chain of a
specific group of redox enzymes is explored and then mimicked on the surface of the
electrode to aid in the interfacial electron transfer. The mechanisms and techniques
elucidated from the previous studies are then applied towards the development of an
enhanced enzymatic fuel cell. Finally, the interaction of monochromatic electromagnetic
radiation with immobilized metalloporphyrins and the subsequent promotion effect
through photo-induced electron transfer is explored.
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Chapter 1 - Introduction

1.1

Fundamentals of the Electrochemical Cell

1.1.1

The Electrochemical Basis

The fundamental processes of an electrochemical cell are rooted in galvanic corrosion
electrochemistry which can be described in the most basic form as the tendency for metals
to be either reduced (the metal accepts electrons) or oxidized (the metal donates electrons)
by constituents in the surrounding environment. Corrosion is most simply illustrated by a
metal in the earth’s atmosphere (an oxidizing/corrosive environment) which will transfer
electrons from its surface layer to the atmospheric oxygen creating oxygen ions which then
penetrate in to the metal surface creating metal oxides. If the metal is in an aqueous
environment, the oxide formed will ultimately then precipitate as a solid metal oxide. This
simple process is enhanced when two different types of metals are in physical or electrical
contact with one another in an electrolyte. When this occurs an instantaneous current
develops whereby electrons in the conduction band of the metal possessing the more
negative potential flow to the metal possessing the more positive potential. The metal with
the more negative potential is net oxidative and can be referred to as the anode while the
metal with the more positive potential is net reductive and is therefore the cathode of a
simple galvanic cell. This same principles that drive galvanic corrosion apply to other
electrochemical cells, such as traditional hydrogen as well as biological fuel cells, with a
key difference being that the flow of electrons in a fuel cell is derived from electrocatalysis
rather than corrosion.

1

1.1.2

Conduction

At the core of any electrical system is a conductive medium allowing charges to be
collected and transported based on the development of a charge gradient or potential.
Conductors come in the form of either electronic conductors or ionic conductors and by
definition in a galvanic cell both electronic and ionic conductors are utilized. The
electronic conductor in a galvanic cell consists of a physically connected network or series
of metallic materials that composes both the charge collector on the electrodes and the
external circuit that wires the electrodes together. Many different materials can been used
for the electronic conductor and are chosen based on the characteristics needed for a given
application/chemistry – however in all cases high conductivity is required of the material.
Ionic conductors are often utilized in the form of an electrolyte (aqueous or solid) where
ions have a high mobility. Aqueous electrolytes contain acids, bases, or salts that dissociate
in to ions when dissolved in water or other solvents. Strong acids and bases and soluble
ionic compounds with a high degree of dissociation such as KCl make strong electrolytes.

In galvanic circuits ionic conductors come in to contact with electronic conductors at
interfaces known as electrodes. The anode is referred to as the electrode at which electrons
flow from the ionic conductor towards the electronic conductor and conversely at the
cathode electrons flow from the electronic conductor towards the ionic conductor.
Subsequently, positively charged cations formed through oxidation reactions at the anode
transit the ionic conductor towards the cathode in order to balance the flow of electrons
through the electronic conductor. Alternatively, if anions are formed at the cathode through
reduction they transverse the ionic conductor towards the anode. The charges being
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converted between molecules in the ionic conductor and electrons in the electronic
conductors can be classified by uniting the two Faraday laws in to the following formula
which shows that the amount of a substance being consumed or produced is directly
proportional to the amount of charge transiting the interface:

∆𝒏𝒋 =

𝒗𝒋 𝑸
𝒏𝑭

1

Where ∆nj is the number of moles that have been formed or reacted in the ionic conductor,
Q is the amount of charge inserted or withdrawn from the electronic conductor, F is the
Faraday constant, and vj is the stoichiometric constant. This relationship also leads to an
equation for the specific reaction rate at the electrode due to the amount of current
produced:

𝝊𝒋 = 𝒗𝒋

𝒊
𝒏𝑭

2

Where 𝜐𝑗 is the reaction rate, and i is the current density produced.

1.1.3

Electrode Potentials

At the junction between an ionic and electronic conductor there are continuous half
reactions occurring and as long as the reactions are invertible the exchange currents remain
in equilibrium. The junction of the two conducting phases gives rise to the formation of
an electric double layer which is defined as two parallel layers of opposite charge and very
high capacitance. When two electrodes are placed in an ionic conductor, such as a liquid
electrolyte, but no current is allowed to pass between them the cell is said to be in open
3

circuit. If both of the electrodes are identical, the cell is symmetrical and there is no net
reorganization of the ions in the electrolyte. However, when two different electrodes are
placed in the cell, the highly mobile ions in the electrolyte will be subject to a differential
force between the two electrodes (sometimes referred to as the electromotive force) based
on the different chemical potentials and the charge of the ions. This will result in the
development of what is known as an open circuit voltage (OCV) between the two
electrodes. When one of the two electrodes is composed of a “standard” material it is
considered to be a reference electrode and the voltage that develops between the reference
electrode and the electrode being characterized is referred to as an open circuit potential
(OCP). Under this condition the potential of the reference electrode is arbitrarily set to
zero, and subsequently the OCP measured is considered to be that of the non-reference
electrode, often times referred to as the working electrode. Conversely, when neither
electrode in the cell is a reference electrode the OCV measured is the absolute values of
the potentials of the two electrodes. Based on the ionic conductor and electronic conductor
interaction of a galvanic cell, the potential of the anode will always be more negative than
the potential of the cathode where the opposite holds true for an electrolytic cell.

Describing the potential generated at an electrode in half cell or across a full cell involves
relating the electrode or cell potential at standard conditions to the actual conditions found.
The standard electrode potential (Eº) is the potential of the electrode at a standard state of
electrolyte concentration, pressure, and temperature and is developed due to the Gibbs free
energies of the species on the electrode (∆Gº), which determines if the electrode reaction
is thermodynamically favorable. The standard electrode potential can only be calculated
from the related standard full cell potential of the electrode against a reference electrode
4

set at 0.0 V in the same conditions. Once Eº is known, the Nernst equation can be used to
calculate the electrode or cell potential in nonstandard conditions:

𝑬 = 𝑬° −

𝑹𝑻
𝑪𝒐𝒙
𝒍𝒏
𝑭
𝑪𝒓𝒆𝒅

3

Where R, T, and F, are the gas constant, temperature, and Faraday constant, respectively.
Cox and Cred are the concentrations of the oxidized and reduced species in the cell,
respectively. When the electrodes are at steady state with no current flowing between them
an equilibrium potential (Eo) is reached.

1.1.4

Electrode Polarization

So far the electrochemical electrodes and cells have been described in steady state open
circuit conditions where there is ionic conduction but not electronic conduction between
the two electrodes. However, when two electrodes of an electrochemical system are
connected together ionically and electronically the system will tend towards equalizing the
potential developed which results in a flow of electrons through the electrical conductor
and a balancing flow of ions through the ionic conductor in a process known as electrode
polarization. The process of moving electrons and ions between two electrodes of differing
potential leads to the building up of charge barriers at the heterogenous junction between
the electronic and ionic conductors which results in a shift of potential (∆E sometimes
shown as η and referred to as overpotential) from that of Eo according to the equation:

∆𝑬 = 𝑬𝒊 − 𝑬𝒐

5

4

Where Ei is the potential experienced during a given current flow. The ∆E of the anode
will always be positive and the ∆E of the cathode will always be negative in galvanic
systems.

Because of the heterogeneous nature of reactions at an electrode there are concentration
polarization effects due to a concentration gradient of species from the bulk electrolyte to
the electrode surface (Figure 1.1) across a region known as the Helmholtz layer as well as
activation polarization due to kinetic effects in one or more steps of the reactions occurring
on the electrode giving rise to the electrode overpotential. When the electrode is operated
in ranges of potentials at which diffusional polarization is present but activation
polarization is not (low ∆E), the electrode is considered to be operated under diffusion
mode. Conversely, at high ∆E when only activation polarization is present the electrode is
operated under kinetic mode and when both forms of polarization are impacting the current
generated at the electrode it is operating in mixed mode.

Figure 1.1 Schematic illustrating the movement of ions from the bulk electrolyte to the
Helmholtz layer.1
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When operating the electrode at high polarization, the overpotential of the electrode – the
difference between the theoretical and experimentally determined E can be described by
the Tafel equation:

∆𝑬 = 𝑨 × 𝒍𝒏

𝒊
𝒊𝒐

5

Where i is the experimentally measured current, io is the theoretical exchange current and
A is an experimentally determined constant referred to as the Tafel slope described as:

𝑨=

𝑹𝑻
𝜶𝒏𝑭

6

Where R, T, and F are the usual values, n is the number of electrons involved in the
reaction, and α is the charge transfer coefficient which is always between 0 and 1 and is
equal to 0.5 when A is 0.05V. A Tafel plot (Figure 1.2) is produced by plotting ∆E vs the
log of the current and the Tafel slope can be determined from the linear region of the plot.

Figure 1.2 An example of a Tafel Plot developed by plotting the overpotential against the
log of the current.1
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The slopes of the anodic (Aa) and cathodic (Ac) plots can be related to a proportionality
constant (B) according to the Stearn Geary equation:

𝑩=

𝑨𝒂 𝑨𝒄
𝟐. 𝟑(𝑨𝒂 +𝑨𝒄 )

7

Which can then be related to the polarization resistance Rp associated with potential regions
of low overpotential by the equation:

𝑹𝒑 =

𝑩
𝒊

8

Combining these two different potential regime equations, the Butler-Volmer equation can
be used to describe the general kinetic tendency of the electrode in terms of generated
current of an electrode due to the electrode potential for all potential ranges:

𝜶∆𝑬

𝒊 = 𝒊𝒐 × [𝒆𝒙𝒑 𝑹𝑻 − 𝒆𝒙𝒑

1.1.5

−𝜷∆𝑬
𝑹𝑻 ]
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Electrocatalysis

In non-corrosive galvanic cells, charge transfer reactions at the electrode are carried out by
catalysts in contact with both the ionic and electronic conductors. The catalysts have the
characteristics of being conserved (i.e. not being consumed in the reaction) and altering the
reaction kinetics, but not the reaction thermodynamics. This can be better understood in
context of the Arrhenius equation:

−𝑬𝒂

𝒌 = 𝑨𝒆 𝑹𝑻
8
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Where the reaction rate constant (k) is dependent on the pre-exponential factor (A), the gas
constant (R), the temperature (T) and the activation energy (Ea). The lower the activation
energy the higher the probability that a reaction will proceed and therefore the lower the
activation energy the higher the frequency of reaction events and subsequently as the
activation energy decreases the magnitude of the reaction rate constant increases. The
catalyst works by reducing the activation energy necessary to form reaction intermediates
and in doing so increasing the rate at which the thermodynamically favored products are
formed (Figure 1.3).

Figure 1.3 Example of an energy vs. reaction coordinate diagram showing the difference
in activation energy of a catalyzed vs uncatalyzed reaction.2
Electrocatalysis has added complexity when compared to other catalytic systems because
the rate of the reaction also depends non-linearly on the potential of the underlying
electrode. The electrocatlyst is in contact with electrolyte ions and solvent molecules
which can have an impact on the chemistry at the surface of the electrode. Electrochemical
9

reactions are also more complicated than other catalytic reactions because not only must
reactants and products be transported in and out of the catalyst active site, but electrons
must also be efficiently shuttled back and forth for the reaction to proceed.

1.2

Enzymatic Fuel Cells

Recent advances in micro and nano-technologies along with electrical power storage
limitations have led to an increased demand for small, portable, and renewable power
generation options.3 Fuel cells in general and enzymatic fuel cells (EFCs) specifically have
the potential to address the power demand in applications, such as implantable medical
devices, where traditional power sources are inaccessible or battery replacement is
exceptionally challenging.4-8 EFCs are devices operating under the same principles as
traditional fuel cells where an anode and a cathode, each decorated with appropriate redox
catalysts, are connected to one another through an electrolyte solution and an external
circuit (Figure 1.4). The catalyst on the anode is responsible for the oxidation of some fuel,
resulting in the transfer of electrons to the underlying electrode and subsequently through
the external circuit and load to the cathode. Simultaneously, the cationic products of the
fuel oxidation at the anode diffuse to the cathode. The cathodic catalyst accepts the
electrons and reduces some oxidant present in the electrolyte.9 Enzymatic electrodes are
generally considered to be non-invertible meaning the anode cannot perform the reduction
reaction that the cathode performs and vice-versa.
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Figure 1.4 Schematic of a traditional fuel cell (top) and an enzymatic fuel cell (bottom).9
The key characteristic differentiating an EFC from a traditional fuel cell is that the anodic
and cathodic catalysts in an EFC are biomolecules called oxidoreductases which can be
tailored to utilize a variety of application specific saccharides or alcohols as fuels,10 unlike
conventional hydrogen, ethanol, or methanol fuel cells which rely on expensive, rare metal
catalysts.11 At present, the predominant fuel for EFCs is glucose, and the predominant
oxidant is di-molecular oxygen making the use of self-powered biosensors possible in
implantable devices such as micropumps, pacemakers and neuromorphic circuits.12,13
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Despite the practical applications of EFCs and sensors, significant engineering problems
remain in regards to their miniaturization, long-term stability, and power efficiency.14-16

1.2.1

Bioelectrocatalysis

Enzymes are powerful catalysts for use in electrochemical systems for a number of reasons:
Enzymes have high selectivity for reactants (substrates) meaning that the majority of
enzymes will only be active towards and therefore catalyze specific substrates. Enzyme
activity remains high in dilute neutral solutions and at temperatures close to room or body
temperature. Enzymes also have very high specific activity per active site (usually one per
enzyme) and the turnover number (γ) can be as high as 106 - 108 s-1 in certain reactions
which is higher than all other known electrochemical catalysts.17

Enzymatic catalysts behave according to Michaelis-Menten kinetics which is to say that
the rate of enzymatic catalytic reactions (υ) can be described in terms of the substrate
concentration [S] as follows:

𝝊=

𝑽𝒎𝒂𝒙 × [𝑺]
𝑲𝒎 + [𝑺]

11

Where Vmax is the asymptotic limit of the reaction rate when the system is saturated with
substrate and Km is the concentration of substrate which produces a reaction rate that is half
of Vmax (Figure 1.5).
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Figure 1.5 Example of a plot of Michaelis-Menten kinetics.
Enzymatic electrodes, in which a polarized support material acts as either an electron donor
or acceptor, take advantage of the fact that in the absence of a natural substrate some redox
enzymes are capable of transferring electrons from the enzymatic active center to the
electrode surface or vice versa.18

Therefore, electrical communication between

biomolecules and the underlying electrode is paramount to the effective transfer of
electrons. However, unlike the well-choreographed interactions between redox enzymes
and their natural substrates in solution, the communication between an enzyme and a solid,
immobile electrode like those composed of multi-walled carbon nanotubes (MWNT)19 is
hampered by relatively long electron tunneling distances11 or obstruction of the enzyme
active site by protein.20 Subsequently, the performance of biofuel cells or bio-sensors is
restricted by, among other factors, the rate of interfacial electron transfer between the
enzyme and the surface of the electrode.21,22
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1.2.2

Mediated Electron Transfer

Owing to the fact that most oxidoreductase are unable to communicate directly with the
electrode, mediators act as a bridge between the enzyme active site and the electrode. For
example, in in a process known as mediated electron transfer (MET).23 The advantage to
the MET mechanism with regards to electrode development is that the large electron
tunneling distance between the enzyme active site and the electrode is not relevant due to
the mobility of the electron carriers, where the rate of the electron transfer is proportional
to the concentration of the mediator, its diffusion, the mediator turnover rate from the
enzyme, and the facility of the mediator-electrode electron transfer.24

The primary drawback of MET in regards to enzymatic electrodes is that the suspended
mediators have to be contained within range of the enzyme active site. This is a problem
especially in cells that don’t separate the anodic and cathodic chamber by a membrane.
Several different approaches have been developed to prevent the mediator from departing
the active region including using osmium and ruthenium-based polymers, compounds
which cover the electrode and electrically wire the oxidreductase to the electrode. Another
common mediator used on electrodes is 2,2’-azino-bis (3-ethylbenzothiazoline)-6-sulfonic
acid (ABTS).

1.2.3

Direct Electron Transfer

Of the approximately 1400 known oxidoreductases, approximately 100 are capable of
communicating with the electrode without the assistance of a redox mediator in a process
known as direct electron transfer (DET).25 DET is a preferred design parameter over the
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alternative, mediated electron transfer (MET), for a number of reasons.26 These reasons
include; i) simpler electrode design and manufacture due to reduction in required
components ii) the fewer number of electron transfer steps associated with DET results in
a lower overpotential27,28 (i.e. voltage drop) compared to most MET mechanisms, iii)
separation of the anodic and cathodic chambers is not required as the containment of
dissolved/suspended mediators is not necessary (Figure 1.6), iv) The simpler design result
in a more compact cell,29 allowing for smaller over devices.30

Figure 1.6 Schematic representation of a direct electron transfer enzymatic fuel cell
design.30
The major drawback regarding the utilization of DET in EFC design pertains to the strict
engagement requirements, specifically the limited distance of the active site from the
electrode surface necessary (i.e. electron tunneling distance) which can be described by the
Marcus electron transfer theory which is based around the idea that a charge transfer
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between two spheres can be represented by a potential surface plotted as energy (E) vs
reaction coordinate (Figure 1.7).

Figure 1.7 Schematic of outer sphere reorganization energies described by Marcus
theory.31
Based on Marcus theory, the Gibbs free energy (G) of the system can be expressed as a
function of the solvent polarization (∆e) according to the equation:

𝑮=(

𝟏

𝟐𝒓𝑫

+

𝟏
𝟐𝒓𝑨

−

𝟏
𝑹𝑫𝑨

𝟏

𝟏

) (𝜺 − 𝜺 ) (∆𝒆)𝟐
𝒐𝒑
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𝒔

Where 𝑟𝐷 and 𝑟𝐴 are the radii of the donor and acceptor molecules, respectively and 𝑅𝐷𝐴 is
the distance between the donor and acceptor. 𝜀𝑜𝑝 and 𝜀𝑠 are the optical and static dielectric
constants of the solvent, respectively. Because plots of this equation for both the reactant
and product are parabolic, the points where the two parabolas intersect is the activation

16

energy (∆Gǂ) of the transfer. Therefore, solving for the intersection point results a function
for ∆Gǂ in terms of the reaction reorganization energy (λo) and driving force (∆Gº):

(𝝀𝒐 + ∆𝑮°)𝟐
∆𝑮 =
𝟒𝝀𝒐
ǂ

13

Which when plugged in to the Arrhenius equation:

𝒌=

−∆𝑮ǂ
𝑨𝒆 𝑹𝑻
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Becomes:

𝒌𝑬𝑻 =

−(𝝀𝒐 +∆𝑮°)𝟐
𝑨𝒆 𝟒𝝀𝒐𝑹𝑻
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Where kET is the charge transfer constant, A is the pre-exponential factor, R is the gas
constant, and T is the temperature.

In many enzyme/electrode configurations, high tunneling distance manifests in elevated
kinetic or ohmic losses, impeding electron transfer and current generation. The accepted
maximum tunneling distance at which DET can occur can be no greater than 14 Å.32 In
some type I enzymes despite the active site being buried at a distance greater than 14 Å,
DET can occur through the use of properly spaced electron relay centers that shuttle the
electrons between the active site and the surface of the protein shell.33 Various techniques
have been developed to enhance DET including the addition of molecules on the electrode
surface to assist with the electron transfer.34
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1.2.4

Enzymes for Bioelectrocatalysis

There are effectively three different classifications of biocatalytic enzymes based on the
location of their redox center (active site). The first group, which will be referred to as
type I, has a strongly bound redox center usually buried deeply within the protein shell
binding pocket which often times undergoes conformational changes to the enzyme tertiary
structure to be able to engage with the natural substrate, or requires redox molecules to
diffuse through internal channels (Figure 1.8) in the enzyme structure.35 The second group
(type II) has a weakly bound cofactor that can traverse between the active site and the
substrate acting as an electron shuttle (mediator). The third group (type III) has the redox
center oriented very close to the surface of the protein shell, which allows it to more easily
communicate electronically directly with the substrate.3 As a result of these physical
differences, the three enzyme classifications undergo markedly different modes of electron
transfer when incorporated into an electrode. The overarching goal in designing enzymatic
electrodes is to maximize the response of the electrode to a given concentration of
fuel/substrate resulting in better current density (j) in the case of an EFC or better
amperometric response in the case of a sensor.
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Figure 1.8 Crystal structure of bilirubin oxidase from Myrothecium verrucaria, an
example of a type I enzyme with the active site (T1 cyan sphere) buried within the partially
closed substrate binding pocket and diffusion channels indicated by the green and yellow
mesh surfaces.35
1.2.4.1 Cathodic Enzymes
One of the predominant groups of cathodic enzymes is a family of enzymes known as
multi-copper oxidases (MCOs), which are capable of performing oxygen reduction
reaction36 (ORR) at the EFC cathode. Recently, MCOs such as Laccase have been shown
to compare favorably to other state of the art ORR catalysts37-40 due to their activity at
moderate temperatures and neutral pH at which they operate. Another type of MCO,
bilirubin oxidase (BOx), is especially well suited for EFC applications41 as it has shown
resistance to inhibition by chlorides in solution42 as well as relatively high thermal
tolerance and activity at neutral pH.43 Furthermore, as with other ‘blue proteins’, the redox
potential of the BOx T1 copper (T1-Cu) site corresponds to the formal reduction potential
of the natural BOx substrate,44 bilirubin, which at approximately 0.6-0.7 Volts45 is
relatively high compared to other MCOs.
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In situ, MCOs perform a series of one electron oxidations of a reduced substrate. During
oxidation, the electron is accepted near the substrate binding pocket by a single ‘blue’ T1Cu atom and then pumped to the tri-nuclear cluster (TNC) consisting of 1 T2-Cu atom and
2 T3-Cu atoms.46 Two channels running from the surface of the enzyme to the TNC
transport diffused O2 molecules to the T3 atoms where ORR is initiated.35,47 When
functioning in a bio-cathode, the T1-Cu site can accept electrons not only from the natural
substrates of the MCO enzymes, but also from artificial electron donors, such as electrodes
poised at sufficiently reducing potentials.18,40,48-50

Two possible electron transfer

mechanisms exist by which MCOs can perform ORR at the electrode surface. Both
mechanisms have been shown to proceed via direct electron transfer (DET)37,51 during
which the electrode, charged with electrons from the external circuit, acts as a reduced
substrate that the enzyme subsequently oxidizes. In the first mechanism, 4 electrons are
transferred from the electrode to the T1-Cu and ultimately to O2 producing two molecules
of H2O. The second mechanism involves a 2 electron transfer from the electrode to O2
producing one molecule of H2O2.

O2 + 4H+ + 4e-

MCO

2H2O
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O2 + 2H+ + 2e-

MCO

H2O2
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For power generation the first mechanism is preferable as it results in twice the number of
electron transfers to the electrode per ORR and therefore higher current generation.
However, on an EFC cathode the reaction pathway is likely variable and is determined
primarily by the rate of interfacial electron-transfer between the substrate and the T1-Cu.21
20

Furthermore, electron transfer rate is likely slower in the EFC environment because the
surface of the electrode does not tend to engage the T1-Cu as proximally as the natural
substrate of the enzyme would.

1.2.4.2 Anodic Enzymes
One of the key considerations of anodic enzymes is the redox potential at which they
operate. In order to maximize the potential difference between the anode and the cathode
the redox potential of the anodic enzyme should be as negative as possible. There are three
main types of the most common anodic enzymes including NAD-dependent, FADdependent, and PQQ-dependent.

In NAD (nicotinamide adenine dinucleotide)-dependent enzymes such as the NADdependent alcohol dehydrogenase (ADH), the coenzyme is able to detach from the active
site and play the role of a mediator facilitating the electron transfer by accepting electron(s)
from the enzyme and shuttling them to the terminal electron acceptor, becoming oxidized
and then returning to the enzyme to start the cycle over again. Despite the fact ADH has
one of the most negative redox potentials of any anodic enzyme, the requirement to have
NADH regenerate between every turnover cycle adds extra complexity. FAD (flavin
adenine dinucleotide)-dependent glucose oxidase (GOx) is another highly utilized anodic
enzyme with a redox potential near -0.4 V. However, the GOx catalytic pocket is buried
deeply within the enzyme making DET difficult (Figure 1.9A).
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Figure 1.9 Crystalographic structures of A) Aspergillus niger glucose oxidase, B)
Pseudomonas putida alcohol dehydrogenase, C) Desulfovibrio gigas hydrogenase,
D)Phanerochaete chrysosporium cellobiose dehydrogenase.30
Pyrroloquinoline

quinone

(PQQ)

containing

enzymes

(i.e.

quinoproteins

and

quinohemoproteins)52,53 do not require external mediators or diffusion of coenzymes and
have active sites located externally enough on the protein to interact electronically directly
with the electrode support. In quinohemoproteins, the PQQ cofactor is involved in the
oxidation of the external electron source and is the first molecule in a subsequent chain of
internal electron transfer steps involving one or more heme molecules before the reduction
of the enzyme terminal electron acceptor. Soluble PQQ-dependent glucose dehydrogenase
(PQQ-sGDH) is a quinoprotein, which means it contains PQQ but does not contain any
heme complexes. Other types of PQQ-dependent enzymes like alcohol and PQQ-aldehyde
dehydrogenases are quinohemoproteins and contain PQQ as well as one or more heme
22

complexes.54 In PQQ-sGDH, an external electron transfer from PQQ to the final electron
acceptor occurs.

In quinohemoproteins however, electrons must first transfer in a

“downhill” direction (i.e. from more negative to more positive redox potentials) from the
reduced PQQ internally through a series of hemes and then to the final electron acceptor.

1.2.5

Electrode Material Surface Characteristics

Carbonaceous materials such as graphene are especially well suited for electrode material
because they are highly conductive, biologically inert and can be modified with relatively
simple chemistry.55 Enzyme electrode materials have evolved over the years towards
higher surface area materials such as nanoparticles, nanotubes, mesoporous materials and
nanocomposite.30,56-58 In all cases a larger surface area is desired due to the higher enzyme
loading that becomes possible as the immobilization area increases. Furthermore, a
“textured” electrode surface improves the probability that regions of the electrode material
will be within the range of the enzyme active site necessary for DET to occur.
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Chapter 2 - Problem Statement and Objectives

2.1

Problem Statement

Enzymatic fuel cells and sensors, while promising devices due to their novel characteristics
including the ability to be tailored to highly specific substrates and the demands of complex
applications as well as their inherent ability to operate under biologically compatible
conditions, are subject to performance restrictions limited by the rate at which electrons
can be transferred across the interfacial enzyme electrode boundary. Despite continuing
research and on-going advancements in biocatalysis,11,18,38,49,59 relatively low catalyst
stability (e.g. decreasing enzyme activity) combined with low current density compared
with traditional fuel cells, is impeding widespread application of EFCs. Specifically,
enzyme biocatalyst activity and subsequent cell potential and current density decrease over
time due to the inherently short lifetime of the enzyme22 and/or low interfacial electron
transfer rate between the electrode and the enzyme.11

Therefore progress in the

applicability and deployment of technologies developing from this diverse field is
subordinate to advances in enzyme electrode interactions. The primary objective of the
work described in this proposal is to explore the factors at the interface of the enzyme with
the electrode limiting overall electrode performance including enzyme stability and
interfacial electron transfer and develop techniques for overcoming those limitations.

2.1.1

Scientific Objectives

The understanding of the mechanisms that drive electrons across the interfacial boundary
between the enzyme and the electrode is paramount to engineering improved electrodes.
24

The factors that control the efficiency of the electron transfer include the separation
distance between the active site (or the most external electron relay center) and the
electrode surface and the degree to which the electron transfer is impeded or enhanced by
surface chemistry across the transfer boundary. Manipulating these two conditions and
measuring the resulting changes in the electrocatalytic response of the electrode will be
prerequisite in designing more efficient electrodes.

2.1.2

Engineering Objectives

The mechanisms elucidated through the scientific research, will guide the development of
techniques that can be used to build better performing electrodes. Ideally, the individual
immobilization, orientation, and electrode modification techniques will be able to deployed
on a common electrode and devices be scaled up to determine the range of applications
that these devices can be utilized for.

2.2

Specific Objectives

2.2.1

Objective 1 - Explore the current state of the art of enzyme immobilization.

Current covalent and non-covalent enzyme bonding techniques will be evaluated, and
alternatives in materials and procedures will be explored. Specifically PBSE, an industry
standard in bifunctional non-covalent enzyme tethering will be compared against 1pyrenecarboxylic acid (PCA), which has similar characteristics to PBSE but has never been
deployed on enzymatic electrodes. A new method for covalently bonding oxidoreductases
will also be explored.
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2.2.2

Objective 2 - Attempt to improve cathode performance by advantageously
orienting bilirubin oxidase using its natural substrate.

Bilirubin, the natural substrate of bilirubin oxidase from Myrothecium verrucaria will be
immobilized on a MWNT electrode. Bilirubin oxidase will then be allowed to engage the
substrate during deposition, leading to advantageous orientation of the enzyme. Analogues
of bilirubin will be characterized to determine their ability to orient bilirubin oxidase.

2.2.3

Objective 3 - Explore the possibility of using electric fields to orient PQQsGDH during immobilization of the enzyme on an electrode.

The dipole moment of PQQ-sGDH will be determined and the information used to guide
the application of an electric field to change the orientation of the enzyme relative to the
electrode. An electric field generator will be developed and used to apply the appropriated
electric field for enzyme orientation.

2.2.4

Objective 4 - Mimic the internal electron transfer chain of quinohemoproteins
on the electrode surface to improve the interfacial electron transfer if PQQsGDH anodes.

Methods for covalently depositing hemin on a carbonaceous electrode will be developed
to explore the mediation/promotion effect of immobilized hemin on the performance of
quinoprotein electrodes.

Multiple immobilization methods will be tested and the

mechanism by which hemin helps facilitate electron transfer from PQQ-sGDH to the
electrode will be explored through determination of the porphyrin to electrode electron
transfer rate constant and redox potential.
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2.2.5

Objective 5 – Produce an enzymatic fuel cell with enhanced performance
utilizing the new enzyme orientation and electrode modification techniques.

The results of the previous objectives will be used to guide the development of a better
performing enzymatic fuel cell. Tethering, orientation, and charge transfer promotion
techniques will be used to design the fuel cell and power curves will be produced to gauge
its performance against a fuel cell with unmodified electrodes

2.2.6

Objective 6 - Characterize the impact of the photo-promotion effect on the
performance of a hemin modified PQQ-sGDH anode.

The mechanism for hemin to promote electron transfer will be further explored through
characterization of the performance of the modified anode in the presence of visible
spectrum electromagnetic radiation. The promotion effect of photo-induced electron
transfer will be explored.
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Chapter 3 - Experimental Methodology

3.1

Electrochemical Characterization

Electrochemical characterization using a potentiostat allows the performance of an
electrode or fuel cell to be characterized by varying one of the electrochemical parameters,
often times the potential, and measuring the resulting change in another of the system
characteristics (e.g. current). When an electrode or fuel cell is characterized by varying the
potential and measuring the resulting current, it is said to be operated in potentiostatic or
potentiodynamic regime. Conversely, when the system is characterized by varying the
current and measuring the resulting change in potential, it is said to be operating in
galvanostatic or galvanodynamic regime. Often times a single electrode (anode or cathode)
is operated in half cell in what is known as three-electrode mode. In this configuration the
electrode being characterized is considered the working electrode, and operating opposite
to it is a counter electrode composed of a high activity material like Pt that can complete
the circuit often times by catalyzing H+ and e- to H2. Between the working and counter
electrodes is a reference electrode with a known potential that allows the relative potential
of the working electrode to be determined and controlled. Two electrode mode on the other
hand is utilized to characterize full cell systems where electrodes (an anode and a cathode)
will be operating together to generate a current. In this configuration the less active of the
two electrodes will usually be connected as the working electrode and the other electrode
will be used as both the counter and the reference electrode for setting the potential on the
working electrode.
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3.1.1

Voltammetry

3.1.1.1 Open Circuit Potential and Voltage
Open circuit potential (OCP) is the potential an electrode develops against a reference
electrode in half cell when no current is flowing (i.e. a circuit with infinite resistance).
Similarly, open circuit voltage (OCV) is the potential developed between two electrodes,
as is the case in a fuel cell, rather than against a standard/reference electrode. The OCP of
an electrode should be as close to the theoretical potential of the catalyst utilized as
possible, but in practice the measured OCP will be offset from the theoretical value due to
the overpotential of the electrode/fuel cell. The OCV of a fuel cell provides a rough
estimate as to the “operating range” of the cell.

3.1.1.2 Potentiodynamic Polarization
Potentiodynamic polarization is a technique used where the potential is scanned at a
selected rate (V s-1) and the resulting current for every potential determined. The potential
can be scanned in one direction, a technique known as linear voltammetry, or it can be
scanned back and forth between two boundary potentials in a technique known as cyclic
voltammetry. One important characteristic of potentiodynamic polarization is that the
amplitude of the current produced is proportional to the scan rate, but quasi-steady state
currents can be achieved at scan rates of 1-2 mV s-1. Cyclic voltammetry can elucidate
important characteristics of the catalytic layer such as redox potentials and electron transfer
constants.60,61
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3.1.1.3 Potentiostatic and Galvanostatic Polarization
Potentiostatic polarization, also referred to as chronoamperometry, is a technique where
the potential is held constant at a selected potential for a long enough time for the system
to reach steady state. During this process the generated current is recorded and a steadystate value is reached when the slope of the current vs. time goes to zero at which point the
potential is stepped up or down depending on whether an anode or cathode is being
characterized. In general the first potential selected for potentiostatic polarization is the
OCP of the electrode being characterized and the last potential selected is zero.62 From
this information a potential vs. current plot known as a polarization curve can be
constructed and the shaped of this curve can be used to better understand the kinetic, ohmic,
and mass transfer characteristics of the system (Figure 3.1). Alternatively, galvanostatic
polarization is a process whereby a current is held constant and the potential measured at
steady state, which can be especially useful for characterizing the ability of electrodes in
full cell configuration to maintain a voltage.
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Figure 3.1 Example of a polarization curve describing how the characteristics of the
electrode can be determined from different parts of the curve.63
3.1.1.4 Electrode Stability Chronoamperometry
In electrodes where catalyst poisoning or deactivation through other processes is a concern,
longer interval chronoamperometry can be utilized to see how susceptible the system is to
degradation over time. Generally, in long term chronoamperometry stability studies a
polarization curve is not generated but rather the potential is held constant or cycled from
OCP to a selected potential repeatedly over the course of many hours or days.

3.2

Biological activity Characterization

In enzymatic fuel cells, the activity of the enzyme is paramount and determining if changes
in the electrode or bulk electrolyte chemistry have a negative impact on enzyme activity is
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necessary. This can be done a number of different ways including electrochemically, but
all techniques rely on processes that can determine if the enzyme is still catalyzing a known
reaction and if so at what rate.

3.2.1

UV/Vis Spectroscopy

Ultraviolet-visible (UV/Vis) spectroscopy is a process by which the change in the
absorbance or transmittance of a liquid at specific wavelengths is used to determine
changes in the electronic makeup of the material. This technique relies on the BeerLambert law:

𝑰
= 𝒆−𝝈(𝑵𝟏−𝑵𝟐 )𝒍
𝑰𝒐
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Where I is the intensity of light transmitted or reflected after interacting with the sample,
Io is the intensity of the light transmitted or reflected without the sample present, σ is the
absorption cross section, N1 and N2 are the populations of the initial and final states,
respectively, and l is the path length of the incident photons through the sample.

Using a spectrophotometer, UV/Vis can be applied towards testing catalyst activity based
on the fact that in the presence of a catalyst reactants glucose, phenazine methosulfate, and
nitrotetrazolium blue will be reduced and form diformazan causing a shift in the absorbance
at a wavelength of 570 nm.

The shift in the absorbance is recorded by the

photospectrometer and the rate of the absorbance shift can be correlated to the activity of
the catalyst if the quantity of the catalyst present in the sample is known. For enzymatic
activity on a solid electrode determining the amount of enzyme present requires weighing
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the electrode with a quartz crystal microbalance before and after the enzyme is immobilized
the difference of the two masses is the mass of the enzyme on the electrode which can be
divided by the mass of one enzyme to determine the total number of enzymes on the
electrode.

Alternatively, the relative activity of the sample can be determined by

comparing the absorbance shift of the electrode to the absorbance shift of a suspended
enzyme sample.

3.3

Compositional and Structural Analysis

3.3.1

Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a process where a beam of electrons are directed
through a vertical path towards the surface of a sample by an electron gun. The beam
travels through conductive “lenses” and electromagnetic fields which collimate and
accelerate the electrons on to the sample. The collision of the beam causes x-rays and
electrons to scatter from the sample which are collected by detectors that process
information about the source of the backscattered and secondary electrons generating an
image. The advantage of SEM is that it is possible to get much finer resolution images
than would be possible with traditional microscopes that rely on the detection of reflected
photons.

3.3.2

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface characterization method also
sometimes referred to as electron spectroscopy for chemical analysis (ESCA) that takes
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advantage of the photoelectric effect elucidated by Albert Einstein in the early 1920s. The
photoelectric effect describes the phenomenon when photons with energy (E) related to
their frequency (v) and Planck constant (h) strike many materials, especially metals,
electrons referred to as photoelectrons are emitted possessing a specific amount of kinetic
energy (KE) related to the type of element they were emitted from:

𝑬 = 𝒉𝒗
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XPS is a method whereby the KE of the emitted photoelectron is detected by the instrument
and can be related to the energy of the incident x-ray photons (hv), the binding energy
associated with exciting an electron from the core level to the vacuum level (Eb) and the
work function induced by the analyzer (φ) by the function:

𝑲𝑬 = 𝒉𝒗 − (𝑬𝒃 + 𝝋)

20

The energy of the incident x-ray photons is dependent on the emitter source in the
spectrometer, often times Al Kα radiation with hν = 1486.6 eV or Mg Kα radiation with hν
= 1253.6 eV. The work function is also inherent to the spectrometer and so can be factored
out. The result is a simple relationship between the kinetic energy and binding energy of
photoelectrons emitted from a sample. Therefore, because the photoelectron binding
energy is an intrinsic characteristic of every element the photoelectron kinetic energy
detected can be correlated directly to the type of element that emitted it. This allows a
spectrum of the intensity or counts per second (cps) vs KE or Eb to be developed describing
the surface chemical composition of biological nanocomposites,64,65 chemical-structures,66
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and protonation states.67 An example of one the earlier studies using XPS is shown in
Figure 3.2.

BINDING ENERGY ( eV )
Figure 3.2 Example of XPS spectrum of the Cl 2p core-level of polyemeraldine
hydrochloride.66
3.3.3

Confocal Raman Spectroscopy

Confocal Raman Spectroscopy is a process where a photon source, usually a laser is
directed at a sample. Upon contacting the sample one of a number of processes can occur
depending on the composition of the sample material (e.g. the energy of its vibrational and
electronic states). As described in the previous section of the photon energy is high enough
and or the electron binding energy low enough the incident photon can eject and electron
from the sample molecule entirely. If the energy of the incident photon is not high enough
to eject the electron from the molecule but is just high enough to excite the electron in the
sample molecule to a higher electronic state, the photon will be absorbed by the molecule
and the electron will remain excited for a period before either being quenched by another
molecule or imparting some of its energy to surrounding molecules and then relaxing back
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to its ground state and emitting a lower energy photon through fluorescence. This process
requires the incident photon to have just the right amount of energy (resonant frequency).
Alternatively, if the photon is not high enough energy to excite the electron to a higher
electronic state but instead excites the electron to one of any number of excited vibrational
states the photon will be scattered either elastically (Rayleigh or Mie scattering depending
on sample molecule size and incident photon frequency) or inelastically (Raman
scattering). Rayleigh scattering involves no net transfer of energy between the photon and
the sample molecule – so the scattered (reemitted) photon conserves its frequency in this
case. However if the scattered photon gains energy before being reemitted it has undergone
anti-Stokes Raman scattering. If the scattered photon loses energy before being reemitted
it has undergone Stokes Raman scattering. In practice most incident photons will result in
Rayleigh scattering, and only a very small percentage of incident photons will result in
Raman scattering. Raman spectroscopy is based around detecting this shift in energy of
incident and Raman scattered photons, and every molecule has a signature value for this
shift. By plotting the intensity of the Raman shifted photons against the shift in the
wavenumber a Raman spectrum can be produced.68
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Figure 3.3 Example of Raman spectra of two different carbon allotropes showing distinctly
different signitures.68
3.3.4

Infrared Reflection Absorption Spectroscopy

Infrared reflection absorption spectroscopy (IRRAS) or grazing-angle infrared
spectroscopy (GAIRS) is another technique used to determine the chemical composition
of a substance based on the presence of functional groups. IRRAS works by sending
polarized incident mid-IR radiation through a series of directing mirrors towards a sample
at an angle (usually the “grazing angle” 82º).69 The sample is fixed on to a reflective
surface, submerged in aqueous media and pressed up against an IR window in such a way
as to only have a very thin film of aqueous solution between the immobilized sample and
the window. The wavelength of the radiation is varied and when the frequency of the
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radiation matches the resonant frequency of the bond vibrations in functional groups in the
sample material, some of the energy from the radiation is absorbed in the form of increased
amplitude of the bond stretching. The unabsorbed radiation is reflected off of the sample
back plane and directed through another series of mirrors to a detector. The absorption by
chemical bonds in the sample results in a lower amount of radiation reaching the detector
than was emitted by the source and the change in intensity is used to produce
interferograms which are processed by the instrument software to produce an absorption
vs. wavenumber spectrum for the sample.
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Chapter 4 - Enzyme Immobilization

4.1

Introduction

Improving enzyme stability and optimizing current density at the electrode is a key area of
EFC research70. Recent work has shown that effective enzyme immobilization on a surface
improves the stability of laccase,71 one of the more commonly utilized MCOs, among other
enzymes with respect to fluctuation in pH and temperature.72,73 Other methods of enzyme
immobilization include entrapping the enzyme within a porous chitosan membrane.74
However, Brocato et al showed that by cross-linking the enzyme to the electrode with 1pyrenebutanoic acid, succinimidyl ester (PBSE), the 4 electron transfer mechanism
predominated.18 This discovery reinforces the theory that interfacial electron-transfer is
dependent on the spacing between the enzyme (and subsequently the T1-Cu) and the
electrode surface. With these enzymes it is has been demonstrated that a decrease of the
electron tunneling distance between the enzyme and the electrode interface can be achieved
by immobilizing the enzyme on the electrode surface covalently or non-covalently via bifunctional tethering agents.28,38,40,75-77 1-Pyrenebutyric acid N-hydroxysuccinimide ester
(PBSE) is one of the most commonly used tethering agents and has been shown to preserve
enzymatic activity and improve the electrocatalytic response of the biocatalyst.59,78,79

Although in general immobilization improves enzyme activity due to conformational
confinement,80 during simple physical adsorption the enzyme interacts with carbonaceous
materials most likely through hydrophobic Van der Waals interactions. These forces
introduce changes into the tertiary structure of the enzyme and thus alter the enzyme
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activity.81 Alternatively, when the enzyme is attached to the electrode surface through a
tethering agent a space between the enzyme and the solid support is maintained and
hydrophobic interactions are minimized.

Towards the goal of expanding on the above techniques for enhancing electron transfer of
quinoproteins, this study summarizes the results of non-covalent enzyme attachment with
another type of tethering agent, activated 1-pyrenecarboxylic acid (PCA), in an attempt to
compare the performance of PCA tethered PQQ-dependent soluble glucose dehydrogenase
(PQQ-sGDH) electrodes and electrodes tethered with the well-studied PBSE.

4.2

Experimental

4.2.1

Materials

Pyrenecarboxylic acid (PCA), 1-Pyrenebutyric acid N-hydroxysuccinimide ester (PBSE),
Ethanol (EtOH), isopropyl alcohol (IPA), dimethyl sulfoxide (DMSO), 3-(Nmorpholino)propanesulfonic acid (MOPS), CaCl2, KCl, p-phenylenediamine (PPD),
NaNO2, 1 N HCl, N-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-3ethylcarbodiimide (EDC), N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS),
phenazine methosulfate (PMS), nitrotetrazolium blue (NTB), and D-Glucose were
obtained from Sigma (Sigma Aldrich, St. Louis, MO). 60 gsm MWNT buckypaper
(MWBP) was obtained from Buckeye Composites (NanoTechLabs, Inc., Kettering, OH).
PQQ-sGDH was obtained from Toyobo Enzyme (Toyobo U.S.A., Inc., New York, NY).
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De-ionized (DI) water was HPLC grade. All materials were used as received unless
indicated.

4.2.2

PQQ-sGDH Electrode Preparation

A 0.5 cm diameter circular disk of MWBP was submerged in a 10 mM solution of PCA or
PBSE in EtOH or DMSO, respectively for one hour. The MWBP disk was then rinsed
three times in DI water and transferred to a 10 mg/ml solution of PQQ-sGDH in 20 mM
MOPS buffer (pH 6.0) containing 6 mM CaCl2 and 10 mM KCl. The MWBP was left in
the enzymatic solution for 12 hours (unless indicated otherwise) at 4° C to allow enzyme
immobilization on the disk to occur. After this step the disk was rinsed in MOPS buffer to
remove any enzyme that wasn’t attached to the MWBP.

4.2.3

PQQ-sGDH Tethering

A 0.5 cm diameter circular disk of MWBP was submerged in a 10 mM solution of PCA or
PBSE in EtOH or DMSO, respectively for one hour. The MWBP disk was then rinsed
three times in DI water and transferred to a 10 mg/ml solution of PQQ-sGDH in 20 mM
MOPS buffer (pH 6.0) containing 6 mM CaCl2 and 10 mM KCl. The MWBP was left in
the enzymatic solution for 12 hours (unless indicated otherwise) at 4° C to allow enzyme
immobilization on the disk to occur. After this step the disk was rinsed in MOPS buffer to
remove any enzyme that wasn’t attached to the MWBP.
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4.2.4

PCA Activation

The carboxylic groups of PCA were activated by EDC/Sulfo-NHS and amide bonds with
the amine groups of PQQ-sGDH were formed.

The process was initiated by first

immobilizing the tether on a MWBP disk as described above and then submerging the disk
in a 10 mg/ml PQQ-sGDH MOPS solution, followed by the addition of Sulfo-NHS and
EDC to final concentrations of 20 µM and 40 µM, respectively. The disk was incubated
in the solution for 2 hours at 4° C and then rinsed three times in MOPS buffer.

4.2.5

Arylamine Deposition

A 10 cm2 MWBP sheet was pre-treated through submersion in IPA for 10 minutes. A
solution of 1 mM PPD and 10 mM NaNO2 in 0.5 M HCl was prepared in an ice bath, placed
in the dark, and purged with nitrogen for 5 minutes. The solution was then transferred to
an EC cell and the pre-treated MWBP sheet was placed in the solution and connected to a
potentiostat as the working electrode. 3 M Ag/AgCl reference electrode and stainless steel
mesh counter electrodes were used to perform the electrochemical grafting in threeelectrode mode. Consecutive CV passes were run from 0.4 V to -0.2 V at a scan rate of
100 mV s-1.

4.2.6

Covalent Enzyme Attachment to MWBP

PQQ-sGDH was covalently bound to previously described arylamine modified MWBP
disks by submerging the disk in 10 mg ml-1 enzyme solution in MOPS buffer. Sulfo-NHS
and EDC were added to the solution to a final concentration of 20 µM and 40 µM,
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respectively and the sample was incubated at 4° C for 2 hours and then rinsed with MOPS
buffer.

4.2.7

Time resolved ultraviolet-visible (UV-Vis) absorption characterization

UV-Vis absorption characterization of PQQ-sGDH in solution was performed according
to the procedure described by the manufacturer (Toyobo Enzyme) using a reaction mixture
of 0.9 ml 1 M D-Glucose solution, 25.5 ml MOPS buffer (pH 6.0), 2.0 ml 3 mM PMS
solution and 1.0 ml 6.6 mM NTB solution. The immobilized PQQ-sGDH samples required
modification of the procedure to accommodate the inclusion of the MWBP disks which
were prepared as described above, rinsed, and then pressed against the wall of an individual
well of a 96-well plate. Samples were tested using a Spectramax M5 well-plate reader
(Molecular Devices, Sunnyvale, CA) and in all cases after the sample was inserted in to
the reader, the temperature was raised to 37° C before the D-Glucose/PMS/NTB stock
solution was added. The sample absorbance at 570 nm was measured against a blank
composed of MOPS buffer. The absorbances of the immobilized PQQ-sGDH samples
(Abs), were normalized to the absorbance of the suspended PQQ-sGDH sample (AbsGDH)
according to equation:

𝑨𝒃𝒔
𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆𝒔 𝒘𝒊𝒕𝒉 𝒊𝒎𝒎𝒐𝒃𝒊𝒍𝒊𝒛𝒆𝒅 𝑷𝑸𝑸 − 𝒔𝑮𝑫𝑯 21
=
𝑨𝒃𝒔𝑮𝑫𝑯
𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝑷𝑸𝑸 − 𝒔𝑮𝑯𝑫 𝒊𝒏 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏
4.2.8

Electrochemical Characterization

All electrochemical characterizations were performed at room temperature (22° C) in
MOPS buffer (pH 6.0) containing 6mM CaCl2, 10 mM KCl, and 10 mM D-glucose.
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Voltammetry and chronoamperometry were performed in a glass electrochemical cell in
three electrode mode with a platinum wire counter electrode against a 3 M Ag/AgCl
reference electrode and under constant N2 gas purge. There was no active mixing of the
electrolyte during characterization, aside from that generated as a byproduct of the slow
bubbling of the N2. The modified MWBP disks were tested on a “cap electrode” consisting
of a 3mm2 glassy carbon (GC) electrode and a polymer cup that fit over the end of the
electrode with an opening the same size as the electrode on a potentiostat (Versatat 4,
Princeton Applied Research, Oak Ridge, TN). Before use the glassy carbon electrode was
polished with aqueous alumina powder of increasingly fine grits of 1, 0.3, and 0.05 mm.
The MWBP disks were placed on to the electrode and then held in place with the cap during
characterization. The electrochemical characterizations were performed in the order of
open circuit potential (OCP) for 1 hour followed either by a potentiodynamic polarization
measurement from an initial potential of -0.05 V to a final potential of 0.60 V at a scan rate
of 2 mV s-1 or chronoamperometry measurements at a constant potential of 400 mV with a
sampling interval of 10 s for 50 hours. Three individual replicates of each electrode type
were produced and tested, and the median result used to generate the polarization curves.

4.2.9

PQQ-sGDH Tethering

The compounds tested, PBSE and PCA, each have a pyrene moiety that interacts with the
CNTs surface via π-π stacking (Figure 4.1). Both compounds have carboxyl functional
groups extending away from the pyrene moiety via a carbon linkage. The carboxyl on
PBSE is activated with a maleimide group that will allow it to further interact with primary
amines on the surface of the enzyme forming an amide bond and has been shown
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previously to act as a “tether” providing stable immobilization of the enzyme on the
electrode surface.78,79 The carboxyl group of PBSE is separated from the pyrene moiety
by an alkane chain having four C-C bonds. In contrast, the carboxyl group of PCA is only
separated from the pyrene moiety by a single C-C bond allowing for the possibility of a
smaller enzyme to electrode tethering distance than PBSE. The separation provided by the
tether also increases the electron tunneling distance and subsequently decreases the
efficiency of DET. Therefore, with a significantly shorter alkane chain than PBSE, PCA
tethering will decrease the distance between PQQ-sGDH and the electrode surface and
enhance the electron transfer rate but also with the possibility to induce more enzyme
denaturation.

Figure 4.1 Illustrations showing tether length of PBSE (left) and PCA (right) tethers with
pyrene moieties (orange) π-π stacked to carbon nanotubes.
Unlike PBSE however, the PCA carboxyl group is not activated with a maleimide group,
and so in its unaltered state amide bonding between the tether and the enzyme will occur
only over long interaction time intervals if at all. To address the lack of an activated
functional group on PCA, a carbodiimide reaction was utilized to activate the carboxyl
group and subsequently form the amide bond between PCA and the -NH2 groups of PQQ45

sGDH in a similar way as it is done with PBSE. The carbodiimide reaction proceeds in the
presence of EDC/Sulfo-NHS whereby EDC temporarily binds, via substitution, to the
oxygen from the hydroxyl of the PCA -COOH group forming an active O-acylisourea
intermediate.

Sulfo-NHS can then substitute the EDC forming a more stable N-

hydroxysuccinimide ester, which can finally be displaced via nucleophilic attack by a
primary amine on the enzyme, forming an amide bond (Figure 4.2).

Figure 4.2 Process of PCA carboxyl activation and subsequent amide bond formation with
enzyme surface primary amines via carbodiimide reactions.

Different techniques were explored to study the influence of the tethering agent on the
enzyme activity and electrochemical performance. UV/VIS absorbance characterization
was used to examine the enzyme activity and potentiodynamic electrode polarization to
monitor the current response as an indicator for the enzyme ability to carry out DET, after
the enzyme was tethered. UV/Vis absorbance characterization was performed on PQQsGDH in solution as well as PQQ-sGDH immobilized on MWBP disks via either physical
adsorption or tethering with PCA or PBSE. An immobilization interval (i.e. time of
MWBP disk submersion in PQQ-sGDH solution) of 12 hours was maintained for all
samples except for the EDC/Sulfo-NHS activated PCA sample, in which case an
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immobilization interval of only two hours was used. The shorter immobilization interval
for the activated-PCA sample was possible due to the increased kinetics of the amide bond
formation as a consequence of the carbodiimide reaction. Regardless, in all cases the
temperature of the samples was maintained at 4° C for the duration of the immobilization
interval and raised to 37° C during the UV/VIS characterization. The absorbance of
diformazan at 570 nm, formed by the oxidation of glucose via the immobilized PQQsGDH, was normalized and compared against the absorbance of diformazan, formed by
the oxidation of glucose from suspended PQQ-sGDH (Figure 4.3A). The comparison was
interpreted in a way as to indicate if the enzyme was being deactivated by the tether or
MWNTs assuming that the activity of the soluble-type enzyme, when dissolved in an
appropriate buffer solution, is as close to 100% as possible. The normalized absorbance
data for the tethered PQQ-sGDH electrodes indicates that neither PBSE nor PCA (nonactivated and EDC/sulfo-NHS activated) results in a deactivation of PQQ-sGDH at pH 6.
All tethered enzymes most likely have altered enzymatic kinetics, but only a small change
in enzyme activity can be seen when PBSE and activated-PCA were explored as tethering
agents.

The presence of active enzyme after a 12-hour immobilization interval means that the
absorbance data can further be interpreted to indicate how well the tethers facilitate
“recruitment” of the enzyme to the electrode surface. The unbound enzyme was removed
during the successive rinses before characterization; therefore the absorbance of the sample
is a function of how much of the active enzyme was firmly attached to the electrode over
the immobilization interval. Since the absorbance of diformazan is linearly proportional to
the amount of the active enzyme present, the absorbance data can be used to make a
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qualitative comparison of the amount of enzyme active units present after the enzyme
immobilization which can be a result of higher enzyme loading and/or preserved enzyme
activity. As a result, in comparison to suspended PQQ-sGDH (GDH), physical adsorption
on MWNT (MWNT+GDH) does not result in as high of a concentration of active PQQsGDH on the electrode as tethering with either PBSE (PBSE+GDH) or PCA (non-activated
(PCA+GDH) and activated (PCA(EDC)+GDH)) does. The absorbance data also indicates
that PBSE recruits active PQQ-sGDH considerably better than non-activated PCA, which
can be attributed to the slow kinetics of the amide bond formation in the absence of the
maleimide group. However, EDC/sulfo-NHS activated PCA significantly outperforms
non-activated PCA and is only slightly outperformed by PBSE confirming that the
carbodiimide reaction results in covalent enzyme attachment.

A
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B

Figure 4.3 (A) Normalized absorbance data for suspended and immobilized PQQ-sGDH;
(B) Potentiodynamic polarization curves of immobilized PQQ-sGDH on MWBP, scan rate
2 mV s-1.
Potentiodynamic polarization curves at a scan rate of 2 mV s-1 were performed to
characterize both the impact of the different tethers on the onset potential of the oxidation
reaction and on the maximum current generated by the PQQ-sGDH anodes during glucose
oxidation (Figure 4.3B). The anodes were prepared following the same procedure as the
samples for the absorbance characterization and were tested in a traditional three-electrode
setup with MOPS buffer (pH 6.0) having 6 mM CaCl2 and 10 mM KCl electrolyte, and 10
mM D-glucose as an electron source.

Under these conditions, the PBSE+GDH,

GDH+PCA(EDC), and PCA+GDH anodes generated higher current densities than the
physisorbed (MWNT+GDH) anode at all potentials.

The PBSE+GDH anode had

significantly decreased onset potential of glucose oxidation compared to MWNT+GDH
and generated 221% and 114% higher current density at both 400 mV and 600 mV,
respectively (Table 4.1). These two potentials were selected as reference points at which
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the current densities of the electrodes were to be compared based on: i) the current at 400
mV is the current the anode will generate when operated in a biofuel cell for energy
harvesting; and ii) the current at 600 mV indicates the performance of the electrode in the
absence of kinetic limitations, and therefore the contribution of ohmic losses to the
electrode is more apparent.

Table 4.1 Current densities of PQQ-sGDH electrodes at 400 mV and 600 mV vs. Ag/AgCl,
scan rate 2 mV s-1.
Anode Type
J @ 400 mV (mA cm-2)
J @ 600 mV (mA cm-2)
MWNT+GDH
PCA+GDH
PCA(EDC)+GDH
PBSE+GDH

0.24
0.35
0.56
0.77

0.36
1.25
1.78
0.77

Despite the slow kinetics of amide bond formation without EDC/Sulfo-NHS activation, the
PCA+GDH anode still outperformed the MWNT+GDH anode by 46% and 247% at 400
mV and 600 mV, respectively. In the absence of a high rate of amide bond formation, the
enhanced performance of the PCA+GDH anode can be attributed to partial
hydrophilization of the MWNTs due to the higher concentration of carboxyl groups on the
electrode surface compared to unmodified MWBP, resulting in improved electrodesolution interactions and increased enzyme adsorption.82 Although PBSE and the
activated-PCA tethers provided similar amounts of active enzyme immobilized on the
electrode surface as indicated by the absorbance study, their electrochemical output
differed significantly. This is due to the fact that in the UV/Vis measurements all active
enzyme units participate in the glucose oxidation because PMS/NTB is able to diffuse to
the enzyme active site regardless of the orientation of the enzyme to the electrode. In
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contrast, during the electrochemical characterization, only the properly oriented enzymes
with their PQQ cofactor positioned close to the electrode surface will carry out DET and
contribute to the current generated by the electrode and enzymes which are not properly
oriented will be effectively inactive. Thus, it can be assumed that the UV/Vis absorbance
characterization surveys the total amount of active enzymes on the electrode and the
electrochemical testing – the fraction of those enzymes that are DET performing.

The PCA(EDC)+GDH anode demonstrated 133% higher electrochemical performance at
400 mV than the MWNT+GDH anode and 60% improvement over the non-activated
PCA+GDH anode but generated 38% less current density than the PBSE+GDH anode at
that potential. The PBSE modified electrode generated higher current densities throughout
the lower potential region, where the activation losses are usually rate limiting. This
observation is somewhat surprising given that the small tail of PCA would position the
enzyme closer to the electrode surface than the longer tail of PBSE would, and positioning
the enzyme closer to the electrode will decrease the electron tunneling distance and
presumably lower the activation losses. As a result higher current densities would be
observed at lower potential, which was not indicated by the experimental data. What can
be inferred from this result is that placing the enzyme too close to the electrode surface
may hinder the degree of enzyme mobility as well as further enhance mass transfer
limitations of the glucose to the active site. In contrast, PBSE has a long flexible shoulder
that could allow movement of PQQ-sGDH after its immobilization and result in less
impediment of diffusion of glucose to the enzyme. This greater degree of freedom allows
the enzyme to partially reorient at the electrode surface, and enzymes that are not properly
oriented during initial attachment to temporarily rotate in to an orientation where the active
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site is close enough for DET to occur. Conversely, the short PCA tail does not allow for
this type of mobility, and therefore enzymes that are attached with an improper initial
orientation are less likely to have their active sites reoriented to a close enough proximity
of the electrode surface to participate in DET. However, at higher potentials where the
driving force for the electron transfer is increased and the activation losses are overcome,
DET begins to occur across longer tunneling distances. Thus the PCA(EDC)+GDH anode
starts to producing even higher current density than the PBSE+GDH anode at 600 mV.
The lower current densities of PBSE+GDH anode at higher potentials can be due to the
fast kinetics of glucose oxidation and subsequent diffusional limitations, which starts to be
rate limiting after 400 mV. The performance of the PCA(EDC)+GDH anode at higher
potentials implies that this tether would be better suited for application in amperometric
biosensors where the applied potential can be poised at 600 mV and the higher performance
of the anode could allow for a more pronounced sensor response. Furthermore, when used
to tether enzymes in conjunction with an enzyme orientation technique, the onset potential
of electrodes generated with PCA(EDC) tethering may decrease as a result of the enzyme
active site being locked in close proximity to the electrode surface, possibly improving the
viability of this tethering agent for use in biofuel cell applications.

A stability study of the tethered PQQ-sGDH anodes over a 50 hour interval was performed
to determine the impact the tether has on the long-term activity of the electrodes when
subjected to a constant forced potential of 400 mV (Figure 4.4). The resulting chronoamperometric test shows that PQQ-sGDH physically adsorbed on MWNTs has a lower
electrochemical activity (and subsequently generated current), which gradually decreases
over time, producing only negligible current densities after 50 hours. PQQ-sGDH tethered
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with EDC-activated PCA produced much higher current density at t<2h than the physically
adsorbed PQQ-sGDH, but then also decreased over time and produced almost no current
at t=50h. Using PBSE as a tether the initial current started out higher than either of the
other two electrodes and is much more consistent throughout the study, indicating that the
enzyme’s activity is better preserved by the immobilization conditions provided by PBSE.

Figure 4.4 Chrono-amperometric transients at 400 mV of PQQ-sGDH physically
adsorbed on MWNT (MWNT+GDH), and tethered to activtated PCA (PCA(EDC + GDH)
and PBSE (PBSE + GDH).

4.3

Covalent Bonding of PQQ-Dependent Soluble Glucose
Dehydrogenase to MWNT

In an attempt to functionalize the electrode to allow for covalent enzyme bonding as well
as application of covalently bound hemin, arylamine groups were electrochemically grafted
to the MWBP. The procedure used for grafting the arylamine groups on to MWBP is a
derivative of a procedure described elsewhere for generating arylamine layers on various
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types of planar electrodes.83-85 The grafting to the electrode surface occurs when pphenylenediamine forms a diazonium cation under acidic conditions. The cation is
subsequently reduced by NaNO2 producing an aryl radical, which attacks the electrode
surface when the electrode is being subjected to cyclic voltammetry and thus forms a
covalent bond with the electrode material (Figure 4.5A). As a result an arylamine layer
can be generated on the electrode surface. However, due to the significantly higher
electrochemically active surface area (ECSA) of the MWBP electrode compared to that of
other planar electrodes reported previously with this technique, it is unlikely that a single
CV cycle will produce a monolayer of arylamine on the electrode. Therefore, in order to
account for the higher ECSA of the MWBP, the electrodes were run through 15 CV cycles
in order to correlate the number of cycles to the resulting coverage of grafted arylamine on
the MWNT (Figure 4.5B).

A
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Figure 4.5 (A) Illustrated representation of arylamine deposition on a carbon nanotube;
(B) Cyclic voltammograms produced during arylamine deposition, scan rate 100 mV s-1.

The CVs show that there is a significant increase in current from the first cycle to the
second cycle indicating a high initial rate of arylamine deposition. Cycles 2-7 have
positive, incremental shifts in the electrode capacitance indicating that with each cycle the
electrode is getting progressively more covered with arylamine groups. After the 7th cycle,
the CV currents start to pack together, most likely indicating that the rate of deposition has
decreased and most of the available ECSA is covered by arylamine groups. For the
development of the electrode in this study, complete arylamine coverage is not desired as
the conductivity of the arylamine is likely less than that of bare MWNT, and it is not
anticipated that the arylamine will participate in any electron transfers.

Therefore,

electrodes treated with 5 CV cycles were chosen for further testing as they were unlikely
to have complete arylamine coverage.

Arylamine functionalized MWBP allow for the possibility of covalently bonding PQQsGDH to the electrode surface, which has been shown previously to enhance electrode
performance 77 and would allow a comparison to be made to the performance of the PCA
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tethered electrode. Employing a similar process to that used in the EDC/Sulfo-NHS
activation of PCA, carboxyl groups on the surface of PQQ-sGDH were covalently bound
to the arylamine groups on the electrode surface via a carbodiimide reaction (Figure 4.6A).
Amide bonding of PQQ-sGDH to arylamine modified MWNT was performed over an
immobilization interval of 2 hours and potentiodynamic polarization curves were used to
characterize the electrochemical performance of the covalently bound enzyme compared
to that of the PCA(EDC)+GDH anode (Figure 4.6B). The nearly identical performance of
the tested electrodes indicates that activated-PCA tethering results in PQQ-sGDH
immobilization with approximately the same stabilization and bond length characteristics
as the amide-bound PQQ-sGDH. However, despite the similar performance of the two
anodes, activated-PCA tethering holds two advantages over covalently bonding of the
enzyme to the electrode surface. First, the preparation of the tethered electrode is less
complicated since tethering doesn’t require formation of arylamine groups on the electrode
surface.

Second, because the tether relies on π-π stacking with the MWNT, co-

immobilization of a tethering agent and an immobilized mediator that requires a covalent
bond with the arylamine groups is possible.
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Figure 4.6 (A) Illustrated representation of covalently bound PQQ-sGDH on arylamine
groups; (B) Potentiodynamic polarization curves of covalently bound and tethered PQQsGDH, scan rate 2 mV s-1.

4.4

Conclusions

The work reported here compared two different tethering agents, PCA and PBSE and
determined that the technique developed is effective in forming a covalent amide bond
between the immobilized EDC/NHS-activated PCA carboxyl group and amine groups on
the PQQ-sGDH surface. The electrochemical performance of the activated-PCA tethered
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PQQ-sGDH anode had significantly improved current density generation at high potentials
compared to unmodified PQQ-sGDH MWNT anodes, making it a suitable tether for
improving the performance of biosensors operating at relatively high fixed potentials.
However, at kinetically limiting potentials, the activated-PCA tethered PQQ-sGDH anode
did not perform as well as the PBSE tethered electrode, which continues to be the best
performing tethering agent for biofuel cell applications which incorporate non-oriented
enzymes. The electrocatalytical stability of PBSE tethered PQQ-sGDH electrodes was also
significantly better than either activated-PCA or physically adsorbed PQQ-sGDH
electrodes.
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Chapter 5 - Enzyme Orientation

5.1

Introduction

To further decrease the gap between the enzyme active site and the electrode, the enzyme
should ideally be “oriented” with the site facing the underlying electrode surface and in
doing so further reduce the distance the electrons have to tunnel to or from the electrode.8689

Predicting the orientation of an enzyme after it has been immobilized on the surface of

an electrode has been seen as a useful design parameter for more than a decade, but
techniques to address this challenge have only more recently been reported in the
literature.90 Towards this goal, it is relevant to note that some enzymes such as bilirubin
oxidase the substrate-binding pocket, formed at the interface between two domains of the
protein, is situated within only a few Å of the active site.35,91 Therefore, when the substrate
is engaged at the substrate binding pocket the enzyme active site is oriented towards the
substrate, and therefore if the substrate is immobilized on the electrode the active site will
be oriented towards the electrode.

Towards this idea, Cracknell et al showed that

modifying the surface of a graphite electrode with bilirubin enhances the electrocatalytic
response of the enzyme, compared to that of an unmodified (i.e. physically adsorbed)
enzyme on a graphite electrode.35 Based on these findings a hypothesis can be developed
for orienting the T1-Cu site towards the electrode. Specifically, substrates of BOx can be
artificially attached to the electrode surface and subsequently used as “orienting agents” in
the development of enzymatic oxygen reducing cathodes (Figure 5.1).
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Figure 5.1 Schematic representation of enzyme orientation and immobilization on multiwalled nanotube matrix. Orientation of two different enzymes is explored. The cathodic
enzyme bilirubin oxidase is oriented with different substrates meant to engage with the
enzyme active site, and the anodic enzyme PQQ-sGDH is oriented with an electric field.

5.2

Experimental

5.2.1

Materials

MWNTs (cheaptubes.com, d = 20 - 30 nm, L = 10 – 30 μm), anhydrous ethanol (USP
Grade, PHARMACO-AAPER), TBAB-Nafion (a gift from the laboratory of Prof. Shelley
Minteer, University of Utah), Bilirubin, pyrrole-2-carboxaldehyde, 2,5-dimethyl-1-phenyl1H-pyrrole-3-carbaldehyde, pyrrole, FeCl3, KCl, 1-pyrenebutanoic acid succinimidyl
ester, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) from Sigma, St. Louis, MO.
Bilirubin oxidase from Myrothecium verrucaria (Amano Enzyme U.S.A. Co., Ltd.).
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5.2.2

Preparation of Bilirubin Oxidase Cathode Suspension Ink

Cathode suspensions (inks) were prepared with 1% MWNTs (cheaptubes.com, diameter
d=20–30 nm, length L=10–30 mm) in a 4:1 water:ethanol suspension and 0.1% TBABNafion polymer in absolute ethanol. In order to increase dispersion of the nanotubes, the
MWNTs/TBAB-Nafion suspension was then sonicated in a water bath for 30 minutes.
Bilirubin,

pyrrole-2-carboxaldehyde,

and

2,5-dimethyl-1-phenyl-1H-pyrrole-3-

carbaldehyde were dissolved separately in absolute ethanol and added as required to the
MWNTs/TBAB-Nafion suspension to a final concentration of 10 mM. Polypyrrole was
chemically polymerized from pyrrole monomers by adding pyrrole and FeCl 3 to 1%
MWNT/TBAB-Nafion suspension to a final concentration of 4 mM and 8 mM,
respectively and sonicated in a water bath for 60 minutes. After sonication the suspension
was centrifuged and the pellet washed with 0.1 M phosphate buffer (pH 7.5), repeating the
centrifugation/washing cycle three times. In all cases, after the orienting agent was added
to the MWNT suspension, the ink was allowed to rest for one hour before 1-pyrenebutanoic
acid succinimidyl ester in absolute ethanol and bilirubin oxidase in 0.1 M phosphate buffer
(7.5 pH), was added to a final concentration of 10 mM and 10 mg/mL, respectively. The
final ink suspension incubated for 12 hours at 4°C before being tested.

5.2.3

Bilirubin Oxidase Electrochemical Characterization

All RDE experiments were carried out on a glassy carbon electrode using a rotator (both
from Pine Instruments, Raleigh, NC). Before testing of each sample, the RDE was cleaned
with alumina of increasingly fine grits of 1 µm, 0.3 µm, and 0.05 µm, rinsing with DI water
between polishings. Linear and cyclic voltammetry, and potentiostatic polarization curve
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data was collected on a 4 channel potentiostat (Princeton Applied Research, Oak Ridge,
TN). All experiments were performed in 0.1 M phosphate buffer (pH 7.5) with 0.1 M
potassium chloride inside a 125 mL glass electrochemical cell. Platinum wire was used as
counter electrode and the reference was saturated Ag/AgCl electrode. Oxygen or nitrogen
gas was bubbled into the cell through plastic tubing as required. LV and CV working
electrode potential was swept from a +0.8 V to 0.0 V at a scan rate of 10 mV s-1. Rotation
rates for LV experiments were varied from 0 RPM to 1600 RPM at 400 RPM intervals.
The potentiostatic polarization curves were carried out by chronoamperometric
measurements of 300 seconds starting from the open circuit potential (OCP) of the
electrode and decreasing to 0.00 V at 50 mV intervals.

For the determination of the orientation efficiency, chronoamperometry was carried out at
0.300 V for 400 seconds in the previously mentioned electrochemical cell before and after
the addition of 0.1 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS).
All potentials in this study are in reference to a saturated Ag/AgCl reference electrode.

5.2.4

Electric Field Orientated Electrode Preparation

The procedure began by immobilizing PBSE on a disk of 60 g m-2 MWNT bucky paper
using a procedure described in sections 4.2.2 and 4.2.3. PBSE was incorporated to resist
the relaxation energy produced after the EF was removed and to secure the enzyme with
the desired orientation. After the MWNT disk was treated with the tether, it was rinsed
with DI water.
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5.2.5

Electric Field Orientated Electrode Characterization

An electric field generating device was constructed from two planar gold electrodes and a
5 mL plastic chamber fixed in between the electrodes (Figure 5.2). The chamber was then
filled with ultra pure DI water and the second electrode and top half of the chamber were
installed. The electrodes were then hooked up to a Princeton Applied Research Versastat
and the potentiostat biased the electrodes at a constant potential. Once the chamber was
static at the given potential a suspension of PQQ-GDH in DI water was injected into the
chamber to a final concentration of 10 mg ml-1. The chamber was operated inside of a
faraday cage under constant potential at a temperature of 4°C for 30 minutes and then the
chamber was drained and the MWNT disk recovered, rinsed and immediately tested using
potentiodynamic polarization on a glassy carbon cap electrode. For the initial experiments,
a potential of -50 mV with respect to the working electrode was used as this value was
higher than the minimum needed to generate the desired EF, but not high enough to damage
the enzyme over the specified interval.

Figure 5.2 (Left) Photo of electric field generator biased prior to addition of enzyme.
(Right) Photo of electric field generator during operation inside of faraday cage.
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5.3

Oriented Bilirubin Oxidase Electrode

5.3.1

Cathode Development

For the electrode preparation three main aspects were considered: i) the electrode should
possess high surface area and conductivity; ii) the enzyme has to be strongly immobilized
on the electrode and iii) the enzyme needs to be favorably oriented. Towards addressing
these requirements a multi-walled carbon nanotube (MWNT) based ink was developed.
MWNTs possess high electrical conductivity and surface area19 suitable for enzyme
attachment and electrical communication. The ink consisted of a MWNTs suspension in
tetrabutylammonium bromide (TBAB) modified NafionTM polymer (in alcohol) and it
provided the supporting matrix for BOx immobilization. The coating of TBAB-Nafion
promotes attachment of the MWNTs to a glassy carbon rotating disk electrode (RDE) used
as the working electrode in the experimental setup.92

The enzyme was artificially

immobilized to the MWNTs via PBSE, as it has previously been shown to be an effective
“tethering” agent.18,50,59,78 The scanning electron microscopy (SEM) images of drop cast
ink containing MWNTs and TBAB-Nafion, before and after its modification with PBSE
and BOx on glassy carbon (Figure 5.3), show that although the nanotubes were modified,
achieving greater dispersion and enhanced enzyme attachment, the morphology of the
developed ink is not disturbed, providing high surface area for enzyme immobilization. To
modify the orientation of BOx on the surface the orienting agents, bilirubin and its
analogues (polypyrrole, pyrrole-2-carboxaldehyde and 2,5-dimethyl-1-phenyl-1H-pyrrole3-carbaldehyde), were explored.
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Figure 5.3 SEM of drop cast ink containing a) multi-walled carbon nanotubes,
tetrabutylammonium bromide (TBAB) modified Nafion and b) multi-walled carbon
nanotubes, tetrabutylammonium bromide (TBAB) modified Nafion, 1-pyrenebutanoic acid,
succinimidyl ester (PBSE), and billirubin oxidase (BOx). Scale bar 500 nm.
5.3.2

Bilirubin Oxidase Orientation with Bilirubin

The substrate binding pocket of BOx developed to bind specifically to bilirubin due to
substrate-enzyme interactions.93 The interaction of bilirubin and the enzyme is ensured by
the key-lock principle.35 Therefore, due to the close proximity of the binding pocket to the
T1-Cu site, the attachment of bilirubin proximal to the T1-Cu is assured.94 The interactions
of bilirubin and PBSE with the MWNT scaffold is provided by π – π stacking.79 The
opposite end of the PBSE molecule is attaches covalently to amino groups on the surface
of the enzyme. Thus the nanotube matrix is modified by the application of tethering and
orienting agents at the same time, enhancing the stability and the orientation efficiency of
the developed bio-cathode.

To test the hypothesis, the performance of a physically adsorbed BOx cathode was
compared to the performance of a bare cathode (Figure 5.4) and cathodes modified with
bilirubin (BiRu-BOx) and PBSE (PBSE-BOx) only as well as a co-modified cathode
(BiRu-PBSE-BOx) (Figure 5.5). Three electrochemical techniques, cyclic voltammetry
65

(CV), linear voltammetry (LV), and potentiostatic polarization, were carried out to
characterize the electrochemical behavior of the electrodes. The bare electrode consisting
of a MWNTs/TBAB-Nafion ink without the addition of BOx showed extremely small
electrochemical activity for ORR. Therefore the significant increase in current observed
in the BOx modified cathodes can be attributed to the catalytic activity of BOx and not the
carbon nanotubes themselves.
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Figure 5.4 a) Cyclic voltammetry 1 mV s-1, b) Rotating disc electrode measurements, 1600
RPM, 1 mV s-1 and c) Potentiostatic polarization curves of MWNT/TBAB-Nafion bare
cathode.
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In the case of BOx modified cathodes, as evidenced by the CVs (Figure 5.5a), the onset
potential of the oxygen reduction appears with increasing potential in the following order:
physically adsorbed BOx cathode (0.410 V), BiRu-BOx cathode (0.450 V), PBSE-BOx
cathode (0.455 V) and co-modified BiRu-PBSE-BOx cathode (0.482 V). A positive shift
of the half wave potential (E1/2) and an increase of the generated current at 0.00 V can also
be observed following the same trend. Due to fast interfacial electron transfer at the BiRuPBSE-BOx cathode, a peak associated with the reduction of oxygen appears, identifying
the potential at which diffusional limitations begin to dominate.

In order to decrease O2 diffusional limitations by improving the convection velocity of the
electrolyte and decreasing the thickness of the diffusion layer, a rotation of the electrode
was employed. As a result of the rotation, the diffusion layer thins out, and the rate of
diffusion of O2 to the cathode increases. Therefore, LVs with electrode rotation (1600
RPM) were used to study ORR on the enzymatic cathodes (Figure 5.5b). In the absence
of diffusional limitations, the differences in the performance of the cathodes are determined
by the enzyme kinetics, subject to the interfacial electron transfer rate.
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Figure 5.5 a) Cyclic voltammetry 1 mV s-1, b) Rotating disc electrode measurements, 1600
RPM, 1 mV s-1 and c) Potentiostatic polarization curves of MWNT-BOx cathodes:
physically adsorbed BOx on MWNTs; physically adsorbed BOx on MWNTs oriented with
bilirubin (BiRu-BOx); BOx tethered to MWNTs with PBSE (PBSE-BOx); BOx tethered to
MWNTs with PBSE and oriented towards the electrode surface with bilirubin (BiRu-PBSEBOx).
At 0.00 V, the BiRu-BOx cathode had an increase in current density of approximately
150% compared to the unmodified BOx cathode, which is an identical finding to that of
Cracknell et al.35 Similarly, the current density of the PBSE modified cathode was
approximately 7.5 times higher than the unmodified BOx cathode and 3 times higher than
the bilirubin modified cathode. The BiRu-PBSE modified cathode showed further increase
in current density, compared to the PBSE, bilirubin, and unmodified BOx cathodes of 0.4,
3.2, and a 9.5 times, respectively. The increase in the onset potential (i.e. decrease in
overpotential) and higher generated current of the modified cathodes can be attributed to
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the decrease in the separation distance between the enzyme’s T1-Cu and the MWNT
surface compared to the unmodified BOx cathode. Furthermore, when comparing the
generated current of the unmodified BOx cathode at no rotation and with rotation, there is
not a statistically significant increase in current density, indicating that unmodified cathode
is kinetically limited by a low interfacial electron transfer rate (data not shown).

The significantly decreased slope of the polarization curve for BiRu-PBSE-BOx cathode
(Figure 5.5c) corresponds to almost no activation losses or ohmic losses, which can be
attributed to improved electronic communication between the enzyme and the electrode.
The changes in current density, generated by the BiRu-PBSE-BOx cathode at various
rotation speeds (Figure 5.6a), occur at potentials where the diffusional limitations start to
dominate the system behavior. This means that the enzyme activity of the modified
cathode is not kinetically limited, while oxygen reduction is limited only by the oxygen
diffusion to the electrode surface. Similarly, an increase in oxygen concentration in the
electrochemical cell corresponds to an increase in the electrode operational characteristics
(Figure 5.6b).
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Figure 5.6 Rotating disc electrode measurements of modified BOx cathode tethered with
PBSE and oriented towards the electrode surface with bilirubin. a) At different rotating
speeds, 1 mV s-1 and b) At different oxygen concentrations in the electrolyte, 1600 RPM,
scan rate 1 mV s-1.
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5.3.3

Bilirubin Oxidase Orientation with Bilirubin Analogues

Although bilirubin (1,8-dioxo-1,3,6,7-tetramethyl-2,8-divinylbiladiene-a,c-dipropionic
acid) is not classified as a pyrrole derivative, it has a symmetrical tetrapyrrole structure.95
Therefore, as a “scale up” analogue of bilirubin we tested short-chained chemically
polymerized polypyrrole.96 MWNT electrodes were modified with polypyrrole and tested
using the same techniques employed for bilirubin modified cathodes. The results from the
voltammetry and RDE measurements show that cathode modification with polypyrrole
does not improve interfacial electron transfer between the electrode and the enzyme. The
operational characteristics of the scale up cathode (Figure 5.7a and b) are significantly
reduced compared to those observed with bilirubin-modified electrodes. There are three
possible reasons for the poor performance of the polypyrrole modified cathode: i) the
polypyrrole is highly hydrophobic and interacts adversely with the enzyme tertiary
structure, inhibiting attachment of BOx to the electrode surface; ii) polypyrrole does not
contain any carboxyl/negatively charged groups, which may play a significant role in the
binding key-lock interaction between BOx and the substrate; and iii) the film of strongly
attached polypyrrole is inhibiting electronic communication between BOx and the
electrode, despite the fact that it is a conductive polymer. The first two conclusions are
supported by the literature, which indicates that the residues in the substrate-binding pocket
in BOx are predominantly hydrophilic.35 Based on this, the second approach utilizing small
hydrophilic molecules as functional analogues was explored.

The “scale down” approach involved the use of two separate bilirubin functional analogues,
pyrrole-2-carboxaldehyde and 2,5-dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde, for
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enzyme orientation along with PBSE as the tethering agent. These compounds were
chosen because they each contain a pyrrole moiety functionalized with a carbonyl group.
Thus, the electronegative N-atom from the pyrrole moiety and the O-atom from the
aldehyde group can act as hydrogen bond acceptors and the H-atom as a hydrogen bond
donor.

The electrode modified with pyrrole-2-carboxaldehyde and PBSE (Py-Carb-PBSE-BOx)
shows a more positive onset potential (0.486 V) (Figure 5.7a) compared to the PBSE-BOx
cathode, however no change in the generated current density is observed. Alternatively,
the 2,5-dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde (DPy-Carb-PBSE-BOx) modified
cathode had a significantly higher generated current density compared to both the PBSEBOx and BiRu-PBSE-BOx electrodes. The current density at 0.00 V potential from the
CV along with the limiting current density form the RDE measurement as well as the
maximum current from the polarization curves (Figure 5.7c) are approximately 2 - 2.5
times higher compared to the BiRu-PBSE modified cathodes.
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Figure 5.7 a) Cyclic voltammetry 1 mV s-1, b) Rotating disc electrode measurements, 1600
RPM, 1 mV s-1 and c) Potentiostatic polarization curves of MWNT-PBSE-BOx cathodes
applying chemically polymerized pyrrole (PPy-PBSE-BOx), pyrrole-2-carboxaldehyde
(PY-Carb-PBSE-BOx), and 2,5-dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde (DPyCarb-PBSE-BOx) for enzyme orientation.
The current densities recorded with DPy-Carb-PBSE-BOx cathode without rotation of the
electrode are in the same order of magnitude as the current density observed with BiRuPBSE-BOx at 1600 RPM, which are 12 times higher than the unmodified BOx cathode at
1600 RPM. During rotation, the generated current attains even higher values (Figure 5.8),
further indicating that the activity of the cathode is limited by diffusion of O2 rather than
kinetically impeded interfacial electron transfer. Thus, the current density of DPy-CarbPBSE-BOx at 1600 RPM was 20 times higher than physically adsorb BOx on MWNTs.
The higher current density of the DPy-Carb-PBSE-BOx in comparison with the Py-CarbPBSE-BOx can be a result of the stronger interactions between 2,5-dimethyl-1-phenyl-1H-
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pyrrole-3-carbaldehyde and the nanotube matrix due to the presence of the benzene moiety
in its structure, leading to a more stabilized BOx orientation.

Figure 5.8 - Rotating disc potentiodynamic polarization curves of MWNT-PBSE-BOx
cathode with 2,5-dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde as orienting agent, 1 mV
s-1.
The DPy-Carb-PBSE-BOx cathode outperformed the BiRu-PBSE-BOx cathode in
potentiostatic polarization by more than 100% in at potentials of 0 to 300 mV vs Ag/AgCl
(Figure 5.9) and performed similarly in comparison to current densities generated by
“wired” Os-modified BOx electrodes shown previously by Gallaway and Barton.97
Furthermore, the DPy-Carb-PBSE-BOx cathode compares favorably to other nonmediated (DET) MWNT or SWNT electrodes using BOx or Laccase biocatalysts as
reported in the literature.77,98-100 The work of Tsujimura et al,101 in which BOx and Laccase
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carbon aerogel electrodes were tested, showed current densities higher than that generated
by the DPy-Carb-PBSE-BOx modified cathode. However the lower performance of the
cathode developed in this work in comparison to the cathode developed by Tsujimura et al
can be partly attributed to the electrode substrate (i.e. MWNT vs carbon aerogel) in which
the latter has a potentially higher BET surface102 area due to the nanoporous, 3D nature of
the aerogel. As the authors of that work indicate, the performance of the bilirubin oxidaseadsorbed carbon aerogel electrode was kinetically limited due to the random enzyme
orientation within the electrode substrate.101

Finally, orientation of the T1 center

employing bilirubin or bilirubin analogues is not inherently limited to electrodes composed
of MWNT. The mechanism described in this work could theoretically be applied to
electrodes produced from various carbon materials (e.g. graphene or carbon aerogels) to
further improve the generated current density.

78

Figure 5.9 Potentiostatic polarization curves of bilirubin-PBSE and DiMPyCarb-PBSE
modified cathodes.
5.3.4

Orientation Efficiency

The orientation efficiency of the enzyme after the modification procedure with 2,5dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde and PBSE was determined. Orientation
efficiency is based on two assumptions: i) in the absence of a mediator, the generated
current is solely a result of DET, and is therefore only contributed to by enzymes attached
to the electrode surface with their T1-Cu situated in close enough proximity to the electrode
surface to facilitate DET; ii) in the presence of a mediator, mediated electron transfer
(MET) can proceed allowing all of the active enzymes on the cathode to generate current
and contribute to the overall electrode current density. Thus the ratio between the current
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density observed before and after mediator addition will show the percentage of BOx
participating in DET and subsequently the percentage of BOx on the surface with properly
oriented T1-Cu.77

The DPy-Carb-PBSE-BOx cathode was polarized with constant potential (0.300 V) and
the corresponding current was measured (Figure 5.10). When the current reached stable
values, 0.1 mM 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) was added to the electrolyte and the current in presence of the mediator was
monitored. The ratio of the current before and after ABTS addition was approximately
0.9, indicating that the orientation efficiency of the DPy-Carb-PBSE-BOx cathode was
90%. This further suggests that 2,5-dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde is a
strong candidate to be used as a bilirubin analogue for enzyme orientation.

Figure 5.10 Chronoamperometry measurements of MWNT-PBSE-BOx cathode with 2,5dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde as orienting agent before and after the
addition of 0.1 mM ABTS.
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5.4

Electric Field Oriented Electrode

5.4.1

First Order PQQ-sGDH Dipole Moment Calculation

Previous work with PQQ-GDH has focused on improving electron transfer kinetics by
stabilizing the enzyme on the electrode surface with tethering agents. However this
approach doesn’t target effective orientation of the enzyme redox active site with regards
to the electrode as was successfully demonstrated with bilirubin oxidase (BOx). The
approach utilized to orient BOx involved the use of that enzyme’s natural substrate and
analogues to engage the active site located near the T1 center and force the active site to
face the electrode permitting as short of an electron transfer distance between the T1 center
and the MWNT as possible. For PQQ-GDH, the approach demonstrated previously with
BOx is not possible, as the natural substrate must be oxidized in order for a free electron
to be generated and therefore permanently binding the substrate to the active site is not
plausible. However, previous work with PQQ-GDH has demonstrated that the apoenzyme
can be reconstituted onto the immobilized PQQ prosthetic group effectively forcing the
PQQ to be oriented towards the electrode. Use of this approach would hinder the
application of the other techniques developed in the second phase of this project from being
applied concurrently and therefore we have been developing a different approach towards
enzyme orientation involving use of an electric field (EF) to orient the dipole moment of
the enzyme (Figure 5.11) with a similar technique that has been used to orient small metal
rods,103 charged colloids,104 and proteins for other applications.105,106
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Figure 5.11 Graphic of rotation of PQQ-GDH dimer over time under the influence of the
electric field.
To accomplish the orientation of PQQ-GDH a first order approximation of the dipole
moment elucidated using a computational tool developed by Felder et al.107 This molecular
dynamics computation provides the magnitude and direction of the dipole moment (Table
5.1) and generates a graphical representation of the enzyme with its dipole moment
superimposed (Figure 5.12). From this data a rough estimate of the potential difference
between two electrodes required to generate an EF strong enough to rotate and orient the
dimer could be calculated (Table 5.2).

Table 5.1 Molecular dynamics first order approximation of dipole and charge of PQQGDH dimer.
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Figure 5.12 Representation of PQQ-GDH dimer with positive (red) and negative (grey)
dipoles superimposed.

Table 5.2 Dimer mass (M), radius (R), moment of Inertia (I), dipole moment (p), Effective
electric field (E), and potential difference of the electrodes (ΔΦ).

5.4.2

PQQ-sGDH Orientation with Applied Electric Field

The calculations from Table 5.2 indicate that neglecting the viscosity of water and any
subsequent friction resisting rotation of the enzyme in the EF, a very small (~10-12 V)
potential would be required to provide enough force to rotate the dimer. The initial results
from the LVs (Figure 5.13) show that the onset potential of the EF modified electrode is
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lower (i.e. the redox reaction begins sooner) and performs favorably in the kineticly limited
region of the potentials swept in the LV even when compared to the AmHeme+GDH
electrode which previously had the lowest onset potential of any electrode tested. This
indicates that there is less overpotential in the EF orientated electrode than in the non-EF
modified electrodes. Despite the lower onset potential and better performance at lower
potentials, the EF modified electrode does not outperform the PBSE+GDH electrode at
limiting current (i.e. current at maximum potential). This can possibly be attributed to a
deforming or stretching of some of the enzymes due to the EF, rendering them inactive.108

Figure 5.13 Potentiodynamic polarization curves of electric field modified PBSE+GDH
electrode and two control electrodes. Scan rate 2 mV s-1.
In order to characterize the orientation efficiency the disk was tested using
chronoamperometry at a potential of 200 MV for 400 seconds. After the first 200 seconds,
2,6-dichlorophenolindophenol (DCPIP) was added to the electrolyte in the cell to a final
concentration of 10 mM. DCPIP acts as a mediator and allows all of the active enzyme on
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the electrode to participate in electron transfer which subsequently results in an increase in
generated current. Therefore, by comparing the current before the DCPIP is added, which
is generated only by enzymes that are oriented in such a way as to allow them to perform
direct electron transfer (DET), with the current generated after the mediator is added, a
percentage of enzymes that are participating in DET can be determined. We performed the
above characterization on a MWNT disk that had been subjected to the EF during enzyme
immobilzation as well as on an electrode that was tethered with PBSE but did not receive
EF treatment during enzyme immobilization (Figure 5.14).

Figure 5.14 Current produced before and after addition of DCPIP at 200 mV. Current
normalized to equilibrium current prior to DCPIP addition.
The higher increase in generated current of the non-EF modified electrode after addition
of DCPIP indicates that a higher percentage of enzymes were not participating in DET
compared to the EF modified electrode.

The percentage of immobilized enzymes

participating in DET can be calculated from the change in currents produce before and after
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DCPIP addition and it was found that 64% of PQQ-GDH were performing DET on the
PBSE+GDH electrode, and 79% were performing DET on the EF-modified PBSE+GDH
electrode. The increase in DET participation after EF modification indicates that the EF is
orienting the enzymes to a certain extent, however despite orientation occuring,
approximatley 20% of the active enzyme on the surface are still not undergoing DET. One
conclusion that can be drawn from this data is due to the random nature of the MWNT
electrode and the anisotropic nature of the EF. Only individual MWNT with a side
perpindicular to the EF will result in properly oriented enzyme, all other EF to MWNT
configurations will result in enzymes with improper orientations. Having shown that EF
orientation plays a roll in enzyme DET participation, the research will move towards better
understanding the relationship between EF strength during enzyme immobilization and
electrode performance. New planar carbonaceous electrodes will also be explored to try
to understand the effect of EF orientation without the ambiguity of a randomly configured
electrode surface.

5.5

Conclusions

Favorable orientation of bilirubin oxidase on a MWNT matrix and subsequent increase in
electrocatalytic activity was achieved through cathode modification with a cross-linker and
the natural substrate bilirubin or its artificial analogues (polypyrrole, pyrrole-2carboxaldehyde and 2,5-dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde) as orienting
agents.

Among the orienting agents tested bilirubin and 2,5-dimethyl-1-phenyl-1H-

pyrrole-3-carbaldehyde were shown to have a more positive impact on the orientation of
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BOx and subsequent generated current densities of the modified cathodes. Utilized
concurrently with PBSE, 2,5-dimethyl-1-phenyl-1H-pyrrole-3-carbaldehyde improved the
catalytic activity of the enzyme beyond even the effect of the natural substrate, attaining
current densities 20 times higher in comparison with the physically adsorbed BOx cathode.
The enhanced performance of the modified cathodes is most likely due to improved
interfacial electron transfer as a result of favorable T1-Cu site orientation towards the
electrode surface. The results shown reinforce the hypothesis that the combination of
electrode directed enzyme T1-Cu orientation combined with stable enzyme immobilization
leads to significant improvement of the enzyme-electrode communication in the direction
of facilitated electron transfer. However, the mechanism(s) driving the increased enzyme
catalytic response in the presence of the orienting agents requires further investigation.
First order calculations of the dipole moment of PQQ-sGDH were carried out and the
results of the calculation used to guide the development of an electric field generator and
procedure for orienting the enzyme during deposition on MWNTs.
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Chapter 6 - Electrode Porphyrin Surface Modification

6.1

Introduction

Enzymes that do not rely on specific external cofactors are not exempted from benefitting
from MET enhancement, and engineering approaches to address the ohmic losses
associated with the long tunneling distance of DET has resulted in utilization of mediators
such as ferrocene109 or its derivatives to help bridge the interfacial electron transfer distance
and improve the electron transfer rate.

However, mediators dissolved in aqueous

electrolyte tend to diffuse or be transported away from the interfacial region meaning that
a high concentration of these compounds throughout the electrolyte is necessary for
sustained electron transport. Techniques for counteracting loss of the mediator from the
interfacial active region have been developed, such as entrapping the mediator in a
membrane92 or otherwise binding it to the electrode support material.110,111 Additionally,
“wiring” of the electrode surface with PQQ and then reconstituting the enzyme onto the
immobilized cofactor has been shown to improve the electron transfer from PQQdependent dehydrogenases to the electrode.112-115

One type of heme found in many quinohemoproteins is heme-b, Fe(III) protoporphyrin
(IX) chloride, available synthetically in the form of hemin. The macrocyclic structure of
hemin allows it to be immobilized on an electrode surface via physical adsorption and has
been shown to have the ability to participate in electron transfer reactions such as in
reducing dissolved oxygen.116
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The differences between mediation and promotion with regards to electron transfer are not
well elucidated and have at times been used interchangeably, but it is possible to define
promotion as an enhancement to the electron transfer rate without actually participating in
the transfer itself, whereas alternatively during mediation the mediator carries the electron
for a time and is an integral part of the electron transfer.

In many cases, when

nanomaterials are utilized on the surface electrode as an extension of the electrode material
rather than a redox species, authors will often categorize this as promoted direct electron
transfer rather than mediated electron transfer even though the nano-structure is carrying
the electron.9

In this work reported here, MWNT electrodes were modified with the metalloporphyrin
hemin through both physical adsorption and covalent bonding to previously described
arylamine groups. PQQ-sGDH was deposited on the modified electrodes which were
characterized for biocatalytic performance. A mechanism for the hemin participation in
the electron transfer is explored through determination of the porphyrin redox potential.

6.2

Experimental

6.2.1

Materials

1-Pyrenebutyric acid N-hydroxysuccinimide ester (PBSE), Ethanol (EtOH), isopropyl
alcohol (IPA), dimethyl sulfoxide (DMSO), 3-(N-morpholino)propanesulfonic acid
(MOPS), CaCl2, KCl, p-phenylenediamine (PPD), NaNO2, 1N HCl, hemin (iron(III)
protoporphyrin

(IX)

chloride)

from

Porcine,
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N-hydroxysuccinimide

(NHS),

protoporphyrin

IX,

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

(EDC),

N-

hydroxysulfosuccinimide sodium salt (Sulfo-NHS), and D-Glucose were obtained from
Sigma (Sigma Aldrich, St. Louis, MO).

60gsm MWNT buckypaper (MWBP) was

obtained from Buckeye Composites (NanoTechLabs, Inc., Kettering, OH). PQQ-sGDH
was obtained from Toyobo Enzyme (Toyobo U.S.A., Inc., New York, NY). De-ionized
(DI) water was HPLC grade. All materials were used as received unless indicated.

6.2.2

Arylamine Deposition on MWNTs

A 10 cm2 MWBP sheet was pre-treated through submersion in IPA for 10 minutes. A
solution of 1 mM PPD and 10mM NaNO2 in 0.5 M HCl was prepared in an ice bath, placed
in the dark, and purged with nitrogen for 5 minutes. The solution was then transferred to
an EC cell and the pre-treated MWBP sheet was placed in the solution and connected to a
potentiostat as the working electrode. 3 M Ag/AgCl reference electrode and stainless steel
mesh counter electrodes were used to perform the electrochemical grafting in threeelectrode mode. Consecutive CV passes were run from 0.4 V to -0.2 V at a scan rate of
100 mV s-1.

6.2.3

Hemin Physical Adsorption on MWNTs

Physically adsorbed hemin samples were prepared by submerging a 0.5 cm diameter
unmodified MWBP disk in a 10 mM solution of hemin in DMSO for one hour after which
the disk was rinsed three times in DI water and further exposed to the enzyme as necessary.
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6.2.4

Hemin, PQQ, and Protoporphyrin IX Attachment to MWNTs

For covalent bonding of hemin, PQQ, and protoporphyrin IX, the arylamine modified
MWBP sheet, prepared as described above, was incubated in a solution of 10 mM hemin,
PQQ, or protoporphyrin IX in DMSO. NHS and EDC were added to the solutions to final
concentrations of 20 µM and 40 µM, respectively. The mixture with the immersed MWBP
was then stored at ambient temperature in a sealed container for one hour. After this time
the MWBP sheet was removed from the mixture, washed with DI water, and dried
overnight. 0.5 cm diameter disks were then cut out of the modified MWBP sheet and PQQsGDH was attached to it as the experiment required.

6.2.5

Electrochemical Characterization

All electrochemical characterizations were performed at room temperature (22° C) in
MOPS buffer (pH 6.0) containing 6 mM CaCl2, 10 mM KCl, and 10 mM D-glucose.
Voltammetry and chronoamperometry were performed in a glass electrochemical cell in
three electrode mode with a platinum wire counter electrode against a 3 M Ag/AgCl
reference electrode and under constant N2 gas purge where indicated. There was no active
mixing of the electrolyte during characterization, aside from that generated as a byproduct
of the slow bubbling of the N2. The modified MWBP disks were tested on a “cap electrode”
consisting of a 3 mm2 glassy carbon (GC) electrode and a polymer cup that fit over the end
of the electrode with an opening the same size as the electrode on a potentiostat (Versatat
MC4, Princeton Applied Research, Oak Ridge, TN).

Before use the glassy carbon

electrode was polished with aqueous alumina powder of increasingly fine grits of 1, 0.3,
and 0.05 mm. The MWBP disks were placed on to the electrode and then held in place
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with the cap during characterization.

The electrochemical characterizations were

performed in the order of open circuit potential (OCP) for 1 hour followed by a
potentiodynamic polarization measurement from an initial potential of -0.05 V to a final
potential of 0.60 V at a scan rate of 2 mV s-1. Three individual replicates of each electrode
type were produced and tested, and the median result used to generate the polarization
curves. For the determination of the formal redox potential of the MWNT defects (control
experiment), bare MWBP disks were tested without any pre-treatment steps and for the
determination of the immobilized porphyrin redox potential, physically adsorbed or
covalently bound porphyrin electrodes were prepared as described above.

Cyclic

voltammetries (CVs) were carried out from an initial potential of 0.60 V to a switching
potential of -0.60 V at various scan rates as indicated in the figure captions.

6.2.6

X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed with a Kratos Axis Ultra DLD X-ray photoelectron
spectrometer using a monochromatic Al Kα source operating at 225 W. Survey and highresolution C 1s, N 1s, O 1s and Fe 2p spectra were acquired at pass energies of 80 and 20
eV, respectively. The samples tested were the same size as the disks used for the UV-Vis
and EC characterizations.

Three points per sample were analyzed.

No charge

compensation was necessary. Data analysis and quantification were performed in
CASAXPS software. A linear background was used for C 1s, N 1s, and O 1s spectra.
Quantification utilized sensitivity factors that were provided by the manufacturer. A 70%
Gaussian / 30% Lorentzian (GL(30)) line shape was used for the curve-fits of N 1s spectra.
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6.3

Hemin Modified Electrode

6.3.1

Anode Development

Because the PQQ cofactor is the redox molecule common to the initiation of the electron
transfer of all quinoproteins and quinohemoproteins, it was predicted that in enzymes such
as PQQ-sGDH that do not possess hemes in their structure, the PQQ could reduce heme
bound to the electrode surface more easily than it could reduce the electrode directly. In
this way, the internal electron transfer chain of quinohemoproteins would be mimicked
using a quinoprotein with the addition of a PQQ to heme electron transfer step originating
in the enzyme and terminating external to the enzyme. To accomplish this, a single type
of heme known as heme-b (hemin) was immobilized on MWNT electrodes.

Two

approaches for immobilizing hemin on the MWNTs were utilized. The first approach was
simple physical adsorption of hemin via π-π stacking of the heterocyclic carbons (pyrroles)
that compose the macrocyclic porphyrin ring onto the MWNT.117 The second approach
involved covalently bonding either of the two hemin carboxyl groups to amine groups from
the previously deposited arylamine layer. The method used for bonding the hemin to the
arylamine involved carbodiimide reactions described above and elsewhere.118 These two
approaches have distinct advantages and disadvantages, primarily in regards to the
orientation of the hemin.

Physical adsorption of the hemin necessitates that the

immobilized porphyrin macrocycle be in close proximity to the MWNT, whereas covalent
bonding of the hemin carboxyl group(s) allows the macrocycle and subsequently the
central iron atom to be raised off of the surface of the electrode (Figure 6.1) which could
alter the hemin redox characteristics.119
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Figure 6.1 Illustrated representation of PQQ-sGDH π-π stacked (depicted in orange on
left) and covalently bound to arylamine groups (right) on MWNTs.
6.3.2

Electrode Surface Characterization with X-Ray Photoelectron Spectroscopy

XPS has proven itself to be a powerful technique for analysis of bio-inorganic and bioorganic composite multicomponent materials.64,65,120

Through analysis of reference

materials which constitute part of the mixture and constraining curve fits using information
obtained from the references, it is possible to differentiate between chemically similar
biological compounds and to detect formation of new types of chemical bonds, such as
intermolecular bonds between constituents of the mixture.

XPS was performed on bare (unmodified), arylamine functionalized, and covalently bound
hemin MWBP disks. The chemistry of attachment of molecules to the electrode surface
was evaluated from high resolution N 1s spectra that were curve-fitted using individual
peaks representing the nitrogens in different types of the chemical environment. Figure
6.2 A and B show the curve fitted spectra representative of arylamine and arylamine+hemin
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on MWBP, respectively. N 1s spectra from arylamine has two peaks, one at the lower
binding energy of 399.8 eV due to primary amines NH2 (1.3 at %) and another at higher
binding energy of 402.3 eV due to some of the amines (0.7 at %) present in the protonated
form. Others have reported the shift of ~2.5 eV due to protonation.66,67,121 The N 1s
spectrum for arylamine+hemin has two other peaks in addition to those observed for
arylamine sample alone. The largest peak (3.2 at %) is at binding energy of 400.7 eV where
heme N4-Fe centers contribute. The lower binding energy peak at 398.5 eV is due to heme
centers that are coordinated to carbon (2.1 at. %). The binding energy of pure hemin is
shifted to a lower value due to interaction between hemin and MWBP. The observed
binding energies values for pure and MWBP-supported hemin are in perfect
correspondence with previously reported values.122,123 It is important to note, that the peak
at 400.7 eV may also have some contribution from oxidized amines N-O. Importantly, the
peaks due to arylamine are present in the arylamine+hemin on MWBP electrode. Thus,
XPS results confirm the presence of the grafted arylamine and subsequent hemin
attachment to the electrode.
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Figure 6.2 High resolution N 1s spectra from arylamine (A) and Arylamine + Hemin (B)
modified MWBP electrodes fitted with individual peaks. The atomic % averaged from
three areas are shown for each type of nitrogen. C) Elemental composition of MWBP,
Arylamine modified MWBP, and Arylamine + Hemin modified MWBP electrodes.
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The elemental composition of MWBP, arylamine, and arylamine+hemin electrodes is
shown in Figure 6.2C. The unmodified MWBP consists mainly from carbon with a slight
amount of oxygen (~1 at.%) detected. Functionalization with arylamine is verified by the
2 at.% nitrogen detected as well as increase in the oxygen amount. From theoretical
structure of arylamine with 6 carbon atoms per one nitrogen atom, the 2 at.% of N detected
translates into ~17% coverage of MWBP with arylamine. After attachment of hemin to
the arylamine treated MWBP electrode, the N and O amounts increase to 8 and 7 at.%,
respectively, as expected from nitrogen-rich hemin molecules. Oxygen increase upon
hemin attachment is expected from carboxylic oxygen present in the hemin and, possibly,
some oxidation of the surface. In addition, 0.5 at% of Fe is detected due to the attached
hemin.

6.3.3

Surface Characterization of MWNT Electrode with Raman Spectroscopy

In order to characterize the dispersion of the arylamine groups on the electrode surface,
shifts in existing peaks or the emergence of new peaks in the Raman spectrum of the
modified electrode in comparison to the Raman spectrum of the unmodified MWNT
electrode. To accomplish this we first “stitched” an image from a series of smaller confocal
images which we would later use as a map of the electrode surface to pinpoint which region
of the electrode we were characterizing using Raman scattering. We characterized the
unmodified MWNT (Figure 6.3) and from the stitched image we see the presence of the
nanotubes but without any accompanying surface features. A laser (λ = 532 nm) was then
used to detect the Raman scattering that occurs at various points on the mapped sample and
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a representative single spectrum used to determine the location of peaks at specific
wavenumbers. This spectrum formed the baseline for comparison with modified samples.

Figure 6.3 Stitched image (left) at 100x magnification, and Raman single spectrum (right)
of unmodified MWNT buckypaper.

From the spectrum in Figure 6.3 three major peaks (not including the Rayleigh peak at 0
rel. 1/cm) can be seen at approximately 1300, 1575, and 2700 rel. 1/cm going from left to
right across the spectrum. A number of smaller peaks can be seen on the shoulders of the
larger peaks as well. After developing this baseline spectrum, the procedure was repeated
on the arylamine modified electrode.

From the stitched image (Figure 6.4) it is

immediately evident that there are surface features present on the modified electrode that
were not present on the bare MWNTs. By strategically selecting the bright regions of the
stitched image for Raman scattering analysis we soon discovered two distinct peaks in the
resulting spectrum at ~ 525 and 925 rel. 1/cm that were not present in any of the unmodified
MWNT spectra. Furthermore, despite what appears to be large 1-2 µm clusters on the
surface, much smaller diameter clumps and particles represented by the light “haze” in the
image indicates that a heterogeneous dispersion of arylamine is present. The two spectrum
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overlaid (Figure 6.5) shows that the major peaks present in the bare MWNT spectrum are
also present in the arylamine modified MWNT spectrum but at a lower intensity.

Figure 6.4 Stitched image (left) at 100x magnification and Raman single spectrum (right)
of arylamine modified MWNT buckypaper.

We also produced a low resolution surface scan (similar to the one of the bare MWNT
sample) of the entire stitched image with a filter in place from 500 to 550 rel. 1/cm (Figure
6.5). When comparing the stitched image to the filtered scan, it is clear that the bright
regions match up to the highest intensities of the Raman scan at the filtered wavenumbers.
The light “haze” in the stitched image is also present but at lower intensities than the peaks
found produced when characterizing the large clusters. However, though the clusters are
only present on modified electrodes indicating they are produced during the modification
procedure, the wavenumbers of the peaks (~525 and ~925) do not correspond with
wavenumbers usually associated with amine groups so the origin of the peaks is not entirely
clear.
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Figure 6.5 (Left) Raman spectra of bare MWNT (Red) and arylamine modified MWNT
(Blue). (Right) Raman surface scan of arylamine modified MWNT buckypaper filtered at
500-550 rel. 1/cm.
6.3.4

Electrochemical Behavior of Hemin and PQQ Modified Electrodes

Potentiodynamic polarization of the following electrodes were performed: i) physically
adsorbed hemin with PQQ-sGDH (AdHeme+GDH); ii) covalently bound hemin and PQQsGDH (AmHeme+GDH) as well as iii) covalently bound PQQ and PQQ-sGDH
(AmPQQ+GDH) (Figure 6.6). The AdHeme+GDH anode had an improved performance
of 41% and 72% at potentials of 400 mV and 600 mV, respectively over the MWNT+GDH
anode (Table 6.1). The AmHeme+GDH anode generated 542% and 511% higher current
density than the MWNT+GDH anode at 400 mV and 600 mV, respectively. Furthermore,
the electrocatalytic response of the AmHeme+GDH anode at kinetically limiting potentials
was notably improved vs. all other tested anodes. This most likely is a result of a reduced
overpotential due to the covalently bound hemin molecules facilitating the transfer of
electrons between the enzyme and the electrode surface.
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Figure 6.6 Potentiodynamic polarization curves of hemin or PQQ modified PQQ-sGDH
MWBP electrodes, scan rate 2 mV s-1.

PQQ covalently bound to the electrode surface was included in the study for a comparison.
Surface confined PQQ has been shown previously to enhance the electron transfer between
PQQ-sGDH and the underlying electrode,124,125 although to our knowledge, covalently
bound PQQ electrodes have never been produced using the arylamine grafting procedure
described here. PQQ has three carboxyl groups, which can be used for immobilization in
a similar way as those on hemin are, and provide the formation of an amide bond via
carbodiimide reactions. However, as the polarization curves of covalently bound PQQ
(AmPQQ+GDH) show the PQQ modified electrode did not perform nearly as well as the
covalently bound hemin PQQ-sGDH electrode. The AmHeme+GDH electrode produced
over three times the current density at 400 mV as the AmPQQ+GDH electrode and more
than twice the current density at 600 mV.
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Table 6.1 Current densities of PQQ and hemin modified PQQ-sGDH MWBP electrodes at
400 mV and 600 mV, scan rate 2 mV s-1.
Sample
J @ 400 mV (mA cm-2)
J @ 600 mV (mA cm-2)
0.24
0.36
MWNT+GDH
0.34
0.62
AdHeme+GDH
1.54
2.20
AmHeme+GDH
0.48
0.94
AmPQQ+GDH
The formal redox potential (E°’) of hemin is dependent, to a certain degree, on the material
or solvent in which it is located. Physically adsorbed on MWNT, hemin has been reported
previously to have a E°’ of approximately -340 mV vs Ag/AgCl at pH 7.4 pertaining to a
single electron process involving the core Fe-Cl ligand complex.116 This potential is more
negative than the formal redox potential of PQQ in PQQ-sGDH (approximately -80 mV124)
which presents a challenge as to the cause of the improved electrocatalytic response
demonstrated by the hemin modified electrodes. Electrons will not naturally flow “uphill”
from molecules with more positive redox potentials to molecules with more negative redox
potentials; therefore the nature of the electron transfer mechanism involving hemin was
investigated.

To determine the E°’ of hemin, CVs with scan rates ranging from 5 mV s-1 to 150 mV s-1
were run on bare MWBP as a control (Figure 6.7A), physically adsorbed hemin on MWBP
(Figure 6.7B), and arylamine modified with covalently bound hemin on MWBP Figure
6.7C). MWBP is composed of pressed multi-walled carbon nanotubes, which in most cases
have oxygen-containing defects such as quinone-type functional groups that possess
electrochemical activity and metal impurities that can also show electrochemical behavior.
Therefore, the CVs of bare MWBP sample demonstrated low intensity redox peaks in the
negative potential region with a formal redox potential of -306 mV (Table 6.2). The
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physically adsorbed hemin electrode showed two pairs of redox peaks indicating two redox
potentials since the hemin oxidation/reduction involves only one electron. The peaks of
the first redox pair had smaller intensity and were more pronounced at higher scan rates.
In contrast, the second pair of redox peaks had more defined oxidation and reduction peaks
with significantly higher peak currents, and a redox potential of -372 mV, which coincides
with the range of values for physically adsorbed hemin established in the literature.112 The
CVs of covalently bound hemin on arylamine grafted MWBP also possess two redox peak
pairs, both at similar potentials to that of physically adsorbed hemin.

A
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B

C
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Figure 6.7 Cyclic voltammograms of (A) Bare MWBP; (B) Physically adsorbed hemin on
MWBP; (C) Arylamine modified MWBP with covalently bound hemin; (D) Arylamine
modified MWBP with covalently bound protoporphyrin IX.
It has been proposed that when hemin participates in internal electron transfer (throughout
the amino acid residues of the enzyme), it may possess more than one redox potential; one
associated with the Fe-Cl ligand complex and another associated with the macrocycle.126
The Eo’ of the more negative redox pair of the covalently bound hemin is -331 mV and can
be attributed to the same redox species active in the adsorbed hemin electrode, but with a
slight positive shift likely due to the covalent bonds made with the arylamine group. This
redox pair is most likely associated with the Fe-Cl ligand complex,127 and if the macrocycle
is also electrochemically active and independent of the Fe-Cl ligand complex, the more
positive Eo’ can be attributed to the electrochemical transformation of this portion of the
hemin.128 This is supported by the fact that the presumed macrocycle redox activity was
less pronounced when the hemin was adsorbed on the electrode surface likely due to
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interference from the π-π stacking interactions with the support material. Alternatively,
when hemin was covalently bound to the MWNTs, the macrocycle did not interact as
strongly with the MWNT, which may allow it to undergo electron transfer independently
of the Fe-Cl complex and the influence of the electrode material. Thus on the AmHeme
electrode the peaks associated with the macrocycle transformation are comparable to the
ones associated with the Fe-Cl complex. The redox potential of the Fe-Cl complex is
significantly more negative than the redox potential of the enzyme cofactor and most likely
does not participate in the electron transfer from PQQ to the electrode surface. However,
one possibility that can explain the positive effect of hemin on the electrochemical output
of PQQ-sGDH anodes is that the porphyrin macrocycle facilitates the electron transfer by
playing the role of a relay since it has a more positive Eo’ than PQQ-sGDH. The more
pronounced effect when the hemin was covalently attached could be due to the greater
concentration of the redox active macrocycle in the AmHeme electrode as well as the closer
intermediary position of the raised hemin to the PQQ in PQQ-sGDH.

Table 6.2 Formal redox potentials of bare MWNT, physically adsorbed hemin on MWNT
(AdHeme), arylamine bound hemin on MWNT (AmHeme), and arylamine bound
protoporphyrin IX (AmIX).
Anode Type
Eo’1
Eo’2
-306 mV
MWNT
-372 mV
-21 mV
AdHeme
-331 mV
-30 mV
AmHeme
96 mV
AmIX
To further test this hypothesis the carboxyl groups of the precursor to hemin,
protoporphyrin IX, were covalently attached to the arylamine layer via a carbodiimide
reaction and characterized with cyclic voltammetry. Protoporphyrin IX does not possess a
Fe-Cl ligand complex, but instead has two protons bound to the central N atoms (Figure
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6.8). As Figure 6.7D shows, protoporphyrin IX shows one redox pair with a formal redox
potential of 96 mV.

The observed quasi-reversible electrochemical reaction clearly

demonstrates the electrochemical activity of the porphyrin macrocycle even in absence of
the Fe-Cl complex as it was previously proposed.125 The formal redox potential of
protoporphyrin IX is more positive than the formal redox potential of the second redox
couple in the hemin voltammetry, which most likely is due to the expected positive shift
of the macrocycle redox potential in the absence of the Fe-Cl complex. As a result, the
second redox pair in the hemin voltammetry can be attributed to the porphyrin macrocycle,
which reinforces the assertion that the ring is electrochemically active at potentials more
positive than the redox potential of PQQ-sGDH on MWNT and therefore may possess the
ability to participate as a mediator during the interfacial electron transfer from the enzyme
to the MWNT.

Figure 6.8 Schematics of hemin (left) and protoporphyrin IX (right). Protoporphyrin IX
is the precursor of Hemin and is lacking the Fe-Cl ligand complex.

107

Another proposed mechanism for the enhanced performance of the covalently bound hemin
PQQ-sGDH anode could be related to a promotion effect of the electron transfer between
the enzyme and the electrode by hemin, without the hemin physically participating in the
transfer. It has been demonstrated that some species adsorbed on electrode surfaces are
capable of promoting the electrochemistry of a wide range of redox enzymes.129 The
mechanism of the promoting effect includes association of the enzyme with the
immobilized promoter giving a transient promoter-enzyme complex in the correct
orientation for electron transfer. Thus the promoters have the function to accelerate the
electron transfer rate without participating in it and without being electroactive at the
potentials of interest.130

Further investigation of the mechanism behind the hemin

influence on anode performance will be a subject of future studies.

6.3.5

Determination of Electron Transfer Constant

In order to better understand the electron transfer mechanism and to characterize the impact
of different modifiers on the overall electron transfer rate of the system, it is helpful to
determine the transfer rate between the transfer agent and the electrode surface. This
electron transfer rate could potentially inhibit the overall transfer from the enzyme to the
electrode if it is too slow, despite a potentially fast transfer rate between the enzyme and
the agent. To characterize this interaction we utilized the Laviron “Trumpet” plot analysis
method to calculate the electron transfer rate constant (KET) for the transfer between the
electron transfer agent and the MWNT.60

The agents we tested were hemin, 1,2

naphthoquinone, and 1,4 naphthoquinone (Figure 6.9). The naphthoquinones were chosen
to be tested alongside hemin due to the fact that they are very similar to ubiquinone, which

108

is the natural electron acceptor of PQQ-GDH. The naphthoquinones were adsorbed to the
surface of the MWNT via π-π stacking as described previously.

Figure 6.9 Chemical structures of 1,2 naphthoquinone (left) and 1,4 napthoquinone
(right).
In quasi-reversible electron transfer reactions, the oxidation and reduction potentials are
dependent on the log of the cyclic voltammetry (CV) scan rate (υ). In order to determine
these potentials, the electrodes were swept with a potentiostat at different scan rates (Figure
6.10). The cathodic (reduction) peak(s) occur as the potential is scanned from more
positive to more negative, and the anodic (oxidation) peak(s) occur as the potential is
scanned from more negative to more positive.
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Figure 6.10 CVs at varying scan rates of 1,2 naphthoquinone (top) and 1,4
napthoquinone (bottom).
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From these cathodic and anodic peaks, the redox potential (Eo) for each of the modifiers is
determined as well as its reductive and oxidative overpotentials (η). The overpotential was
then plotted against the log of the scan rate and a linear fit applied to the resulting data
(Figure 6.11). The value for the scan rate that is at the intersection of the two trendlines
was used in the following equation to derive the electron transfer coefficient:

𝑲𝑬𝑻 =

𝝊∗𝜶∗𝒏∗𝑭
𝟐. 𝟑 ∗ 𝑹 ∗ 𝑻

22

Where υ is the scan rate where the trendlines intersect, α is the transfer coefficient, n is the
number of electrons transferred, R is the gas constant, T is the temperature, and F is the
Faraday constant.

A
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Figure 6.11 Laviron Plots (overpotential vs. the log of the scan rate): Covalently bound
hemin on MWNT, Iron ligand plot (A) and macrocycle plot on (B) derived from CVs in
Figure 6.7C; 1,2 naphthoquinone (C) and 1,4 napthoquinone (D) derived from CVs in
Figure 6.10.

Using the data from the laviron plots, and the equation from above, KET values were
calculated (

Table 6.3). Based on this calculation, 1,2 naphthoquinone has the highest electron transfer
coefficient followed by 1,4 naphthoquinone and the electron transfer associated with the
iron ligand in hemin has the lowest. This indicates that the 1,2 naphthoquinone would have
the best electron transfer rate once it had been reduced by the enzyme. However,
depending on the specific enzyme/modifier interaction, the electron transfer rate between
the modifier and the electrode might not be the rate limiting step. In this case the transfer
rate between the enzyme and the modifier would be more relevant, which will be studied
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more closely in future work. It is also relevant to point out that both of the Laviron plots
for the napthoquinones are asymmetrical, likely indicating that the electron transfer is
likely not highly reversible. Neither of the hemin KET are very high, and therefore the
improved performance of the AmHeme-GDH electrodes is not due to especially high
electron transfer kinetics between the hemin and the MWNT electrode. However this result
does indicate that the electron transfer rate from the enzyme to the hemin must be faster
than electron transfer from the enzyme to the bare MWNT electrode. Therefore, the rate
limiting step in the electron transfer reaction is the transfer between the hemin and the
electrode and so if this transfer rate can be improved the performance of the AmHemeGDH electrode may also improve.

Table 6.3 Electron transfer constants (KET) for covalently bound hemin and physically
adsorbed 1,2 and 1,4 naphthoquinone.
Modifier
log(υ) (V/s)
KET (s-1)
-2.31
0.109
Hemin (-331 mV)
-2.26
0.115
Hemin (-30 mV)
-2.12
0.130
1,2 naphthoquinone
-2.25
0.116
1,4 naphthoquinone

6.4

Conclusions

This chapter reported on procedures developed for covalently bonding natural quinoprotein
redox mediators that possess carboxyl groups, such as hemin and PQQ, on
electrochemically deposited arylamine groups grafted to MWNTs.

Electrochemical

characterization of the electrodes produced with the described synthesis procedure
indicated that the new electrodes had improved performance. In particular, covalently
bound hemin significantly improved the electrocatalytic response of the PQQ-sGDH
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MWNT anode in all potential regions relative to unmodified PQQ-sGDH anodes. Two
different redox potentials for hemin were determined, one relating to the macrocycle and
the other to the Fe-Cl ligand, and a mechanism for the improvement in the electron transfer
between the enzyme and the electrode using covalently bound hemin was presented. The
electron transfer constant of both hemin redox potentials and two napthoquinones were
calculated, and based on the determined value it was determined that the improvement in
the performance of the covalently bound hemin electrode is not due especially fast electron
transfer kinetics between the bound hemin and the MWNT electrode.
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Chapter 7 - Characterization of Enhanced Enzymatic Fuel Cell and
Development of Photoelectrochemical Bioanode

7.1

Introduction

Work up to this point has focused on developing specific techniques to improve the
performance of enzymatic electrodes that utilize direct electrocatalysis (i.e. direct electron
transfer). In this chapter the previous techniques developed will be brought together to
produce a fully enzymatic fuel cell. There are specific challenges that must be addressed
when attempting to incorporate the enhancements made to the individual electrodes, but
the advantage is that fully enzymatic fuel cell does not require any metal catalyst (e.g. Pt)
and is a step closer towards applying these electrodes towards biomedical applications.131

Due to the fact that hemin is photosensitive, this work will also include a section on the
possibility of using photo-induced electron transfer (PET) for improving the electron
transfer reaction between hemin and carbon nanotubes. PET is a process by which an
electron in a photosensitizer is excited by an incident photon and subsequently transfers to
a nearby acceptor with an appropriate band gap, while the empty ground state orbital of the
photosensitizer is filled from another electron donor.132 The rate at which electrons are
transferred between donor and acceptors during PET can be modeled in the same way one
would model charge transfer between oxidoreductases and surface compounds using
Marcus theory.133 For this work, we would utilize the covalently bound hemin PQQ-sGDH
approach and irradiate the electrode with photons under anoxic conditions.
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7.2

Experimental

7.2.1

Materials

Pyrenecarboxylic acid (PCA), 1-Pyrenebutyric acid N-hydroxysuccinimide ester (PBSE),
Ethanol (EtOH), isopropyl alcohol (IPA), dimethyl sulfoxide (DMSO), 3-(Nmorpholino)propanesulfonic acid (MOPS), CaCl2, KCl, p-phenylenediamine (PPD),
NaNO2, 1 N HCl, N-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-3ethylcarbodiimide (EDC), hemin (iron(III) protoporphyrin (IX) chloride) from Porcine,
protoporphyrin IX,

N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS), Bilirubin,

pyrrole-2-carboxaldehyde, 1-aminopyrene (AmPy), 2,5-dimethyl-1-phenyl-1H-pyrrole-3carbaldehyde (DPy), pyrrole, FeCl3, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS), Indium Tin Oxide (ITO) coated glass, anatase TiO2 nanoparticles (21 nm),
triethanolamine,

(3-Aminopropyl)triethoxysilane

(APTES),

toluene,

ammonium

hydroxide, and Glucose were obtained from Sigma (Sigma Aldrich, St. Louis, MO). Multiwalled carbon nanotubes (MWNT) with an average diameter=20–30 nm, and length=10–
30 mm were purchased from cheaptubes.com (Cambridgeport, VT, USA). PQQ-sGDH
was obtained from Toyobo Enzyme (Toyobo U.S.A., Inc., New York, NY).

De-ionized

(DI) water was HPLC grade. TBAB-Nafion (a gift from the laboratory of Prof. Shelley
Minteer, University of Utah), Bilirubin oxidase from Myrothecium verrucaria was
obtained from Amano Enzyme (Amano Enzyme U.S.A. Co., Ltd., Elgin, IL), Toray Paper
(TGP-H-060, Fuel Cell Earth LLC, Stoneham, MA, USA). All materials were used as
received unless indicated.
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7.2.2

Development of MWNT Ink Suspensions

MWNT suspensions (inks) were prepared with 1% MWNTs in a 4:1 water:ethanol
suspension and 0.1% TBAB-Nafion polymer in absolute ethanol. The MWNTs/TBABNafion suspension were then sonicated in a water bath for 30 minutes. For cathode inks,
DPy in EtOH was added as indicated to the ink suspension to a final concentration of 10
mM and the ink rested for one hour with gentle shaking before PBSE in EtOH along with
BOx in 0.1 M phosphate buffer (7.5 pH) were added to a final concentrations of 10 mM
and 10 mg mL-1, respectively. The final ink suspension was incubated for 2 hours at 4°C
before being tested.

Anodic inks were prepared from the same MWNTs/TBAB-Nafion suspension as the
cathodic inks. AmPy in EtOH was first added to the ink suspension to a final concentration
of 10 mM and the electrode rested for 1 hour with gentle shaking. Next, hemin in EtOH
was added to the ink to a final concentration of 10 mM and then EDC and Sulfo-NHS were
added to the ink to final concentrations of 40 µM and 20 µM, respectively and the
suspension rested for another hour with gentle shaking. Finally, PBSE in EtOH and PQQsGDH in MOPS buffer (pH 6) were added to the ink to final concentrations of 10 mM and
10 mg mL-1, respectively. The final ink suspension was incubated for 2 hours at 4°C before
being tested.

After the inks were incubated, 200 µL of each were pipetted on to Toray paper electrode
support material. The ink was prevented from dispersing off of the paper with a plastic die
with a diameter of 1 cm. The inks were then dried at room temperature until the EtOH and
H2O had evaporated leaving just the ink residue (Figure 7.1).
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Figure 7.1 Picture of a dried MWNT ink electrode on Toray paper electrode support.
7.2.3

Incorporation of Electrodes in to the Cell

The electrodes were mounted in to an acrylic cell by sandwiching the Toray paper between
two rubber gaskets and then between an acrylic back plate and an internal cell section with
a square outer shape and a hollow cylindrical internal shape with diameter of 1 cm. The
anode and cathode were mounted parallel to each other and the anodic and cathodic
chamber separated with a nafion membrane (Figure 7.2). The cathodic chamber was
purged with a steady stream of pure oxygen, and the anodic chamber was purged with
nitrogen. When warranted, an Ag/AgCl reference electrode was placed in to either
chamber through gas venting ports in the top of the cell.
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Figure 7.2 Picture of Nafion PEM enzymatic fuel cell
7.2.4

IRRAS Bond Characterization

Electrodes were characterized with infrared reflection absorption spectroscopy (IRRAS)
on a Thermo Nicolet Nexus 670 FT-IR spectrometer with a nitrogen cooled MCT detector.
10 µL of the indicated ink was pipetted on to a polished glassy carbon electrode and the
solvents evaporated out of the sample using a gentle stream of nitrogen. The glassy carbon
electrode with the immobilized sample was placed in to Teflon chamber with a ZnSe
hemispherical IR window on the bottom with approximately 1 mL of DI water in the
bottom. The chamber was continuously purged with argon gas while 128 scans were taken
of each sample and the average spectra reported.
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7.2.5

Electrochemical Characterization

Electrodes were tested in half and full cell on a Princeton Applied Research Versastat MC
potentiostat (Oakridge, TN, USA). For half-cell configurations, the electrodes were tested
in three electrode mode against a 3 M KCL Ag/AgCl reference electrode and platinum
counter electrode for all open circuit potential, potentiodynamic polarization and
potentiostatic polarization characterizations. For full-cell configurations the electrodes
were either tested in two electrode mode with the cathode serving as both the counter and
reference electrodes or 3 electrode mode using the cathode as the counter electrode and a
3 M KCl Ag/AgCl reference electrode. In all cases the 1 mL anodic chamber was filled
with 20 mM MOPS buffer (pH 6.0) containing 6 mM CaCl2, 10 mM KCl, and 100 mM
glucose. The cathodic chamber of identical volume was filled with 0.1 M phosphate buffer
(pH 7.5) containing 0.1 M KCl.

7.2.6

UV-Vis Spectroscopy of Hemin

5 µL of bare MWNT ink, Hemin modified MWNT ink and, 10 mM solution of hemin in
DMSO were pipetted in to 100 µL of DMSO in individual wells of a 96 well plate. 3
samples of each solution were tested at 1 nm intervals using a Spectramax M5 well-plate
reader (Molecular Devices, Sunnyvale, CA) from 300 to 700 nm against a pure DMSO
background.

7.2.7

Photoelectrochemical Bioanode Development

The photoelectrochemical bioanode (PEBA) was developed using a similar procedure to
that of the MWNT inks described earlier in this section. However, for this application
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hemin was bonded to anatase TiO2 (titania) nanoparticles with a 21 nm primary particle
size. In order to accomplish this, TiO2 was activated with through a silane coupling process
as described elsewhere.134 Briefly, 1.00 g of TiO2 and 0.1 mL of triethanolamine were
combined in 50 mL of EtOH and heated to 60ºC under constant stirring. 1.5 mL of DI
water and 60 µL of ammonium hydroxide were then added to the TiO2 suspension and
while stirring, APTES was slowly added to a final concentration of 4 mM. The suspension
reacted for 12 hours at 50ºC under constant mixing. After cooling to room temperature the
amine-activated titania nanoparticles were centrifuged at 8000 rpm for 5 minutes and the
supernatant removed before re-suspending the nanoparticles in EtOH and repeated the
process three more times. After all of the excess APTES had been removed the TiO2
nanoparticles were mixed with 10 mM hemin, 40 µM EDC, and 20 µM NHS in EtOH for
one hour. The APTES immobilized hemin-titania nanoparticles were then centrifuged one
more time to remove any unbound hemin and the EDC and NHS before storing in 50 mL
of EtOH.

The hemin functionalized titania nanoparticles were combined with Nafion-MWNT-GDH
as described earlier in this chapter and 20 µL of the resulting ink was pipetted on to Indium
Tin Oxide (ITO) coated glass. The ink was then dried on the glass and the resulting ink
residue electrode had a thickness of ~ 100 µm and an area 0.38 cm2. The ITO glass with
the ink residue on it was then sandwiched between two rubber gaskets and two acrylic
structural pieces with the ink residue facing towards the center of the cell. The cell was
filled with 2 mL of MOPS buffer (pH 6.0) containing 10 mM KCl, and 6 mM CaCl2 and
D-glucose

was added to a final concentration of 50 mM. The electrode was illuminated by

a λ = 405 nm LED (Thor Labs M405L2, Newton, New Jersey, USA) with a 410 mW power
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output, driven by a 1000 mA source control module (Mightex BLS-1000, Pleasanton, CA,
USA) and the measured power density incident at the electrode when the light was
collected and focused down to an area of approximately 0.5 cm2 was 700 mW cm-2 as
measured by a broadband power meter (13PEM001, Melles Griot, Rochester, NY, USA).
The cell was continuously purged with argon gas and all electrochemical measurements
were performed against 3 M KCl (Ag/AgCl) reference and platinum counter electrodes.

7.3

Results and Discussion

7.3.1

PQQ-sGDH Tethered to AmPy-Heme Modified Electrode

Previous work with physically adsorbed PQQ-sGDH on MWNT electrodes modified with
covalently bound hemin showed a significant increase in electrode performance compared
to physically adsorbed PQQ-sGDH on unmodified MWNT electrodes and PQQ-sGDH
tethered to MWNT electrodes with PBSE.135 However, combining the covalently bound
hemin and the PBSE tether in to a single electrode was inefective due to the arylamine
polymerization modification of the MWNT required to covalently bind the hemin.
Therefore in order to combine the PBSE tether and covalently bound hemin approaches in
to one electrode, a new approach was required to covalently bond the hemin that wouldn’t
disrupt the ability for PBSE to attach to the electrode via π-π stacking interactions. The
current work describes a process involving the application of 1-aminopyrene (Figure 7.3)
to bind the hemin to the electrode using the same π-π stacking mechanism that bonds the
pyrene moieties to the electrode. Using this approach, both the hemin and tether can be
applied in one step without the need for subsequent treatment steps.
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Figure 7.3 Schematic representation of 1-aminopyrene.

7.3.2

Potentiodynamic Polarization of AmPy Modified Electrodes

1-aminopyrene has a pyrene backbone that can be π-π stacked onto MWNT and an amine
group which can be used to covalently bond the carboxyl functional groups on hemin
through carbodiimide reactions. The potentiodynamic polarizations (Figure 7.4) of PQQsGDH physically adsorbed on bare MWNT, PQQ-sGDH tethered to MWNT with PBSE,
PQQ-sGDH physically adsorbed on AmPy-Heme modified MWNT, PQQ-sGDH tethered
with PBSE on an AmPy-Heme modified show that the PBSE tethered PQQ-sGDH on
AmPy-Hemin modified MWNT slightly outperforms the previously best performing
AmHeme+GDH electrodes at low potentials, indicating that the onset potential has been
further decreased by the combined tether and surface modifier. The current density at high
potentials is also improved, but the most important aspect of this result is the ability to
combine the endurance effect provided by the tether without negatively impacting the
improved current generation provided by the hemin surface modifier.
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Figure 7.4 Potentiodynamic polarization curves of PQQ-sGDH physically adsorbed on
MWNT (MWNT+GDH), tethered with PBSE (PBSE+GDH), physically adsorbed on
covalently bound hemin modified MWNT (AmHeme+GDH), and tethered with PBSE on
covalently bound hemin modified MWNT (AmHeme+PBSE+GDH); scan rate 2 mV s-1.
7.3.3

Enhanced Electrodes Operating in Half Cell

The AmPy mechanism for hemin attachment allows for easy incorporation of the
electrodes in to an enzymatic fuel cell because the attachment can be done on MWNTs in
suspension rather than MWNTs confined in buckypaper composites as described
previously.135 This difference allows for the development of electrodes from MWNT “ink”
suspensions which have considerably more flexibility in regards to application than
buckypaper electrodes. The developed inks can be dispersed on to nearly any kind of
support material as the nafion polymer in the ink solidifies when the solvents are
evaporated out resulting in a porous solid catalytic layer adhered to a conductive
structural/support material such as the Toray carbon fiber composite paper used as catalyst
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backing material in many fuel cell applications.136 The open circuit potential of cathodes
comprised of BOx physically adsorbed on MWNTs, tethered to MWNTs with PBSE, and
tethered with PBSE to DPy modified MWNTs as well as anodes comprised of PQQ-sGDH
physically adsorbed on MWNTs, tethered with PBSE, and tethered with PBSE to hemin
modified MWNTs were determined and plotted with the theoretical OCPs of electrodes
produced with no mediation (Figure 7.5).

Figure 7.5 Open Circuit potentials of theoretical (dashed) and actual BOx and PQQsGDH electrodes.
The theoretical BOx electrode OCP is ~ +0.65 V,42 however the OCP of the electrode
produced with BOx physically adsorbed on MWNTs was found to be considerably lower
at +430 mV. This difference in the OCP is the result of poor electronic interaction between
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the enzyme active sight and the MWNTs. Similarly, the OCP of the PQQ-sGDH physically
adsorbed on MWNT electrode was approximately 130 mV more positive than the
theoretical redox potentials of the PQQ in PQQ-sGDH electrodes. Tethering the enzyme
with PBSE resulted in a more positive BOx electrode OCP (+525 mV) and a more negative
PQQ-sGDH OCP (-20 mV) when compared to physically adsorbed enzyme electrodes
which is the result of better engagement of the enzyme with the electrode surface. A further
improvement in the BOx OCP was attained when the PBSE enzyme tethering approach
was combined with DPy enzyme orientation. This electrode had an OCP of +570 mV
against Ag/AgCl which was the highest OCP for a BOx electrode tested and compares
favorably with other BOx electrodes in the literature.49 Similarly, the OCP of the PBSE
tethered and hemin modified PQQ-sGDH electrode was the most negative at -70 mV and
also compared similarly to other well-performing PQQ-sGDH electrodes.76 The enhanced
electrodes utilizing both tethering and electrode surface modifications resulted in a
theoretical open circuit voltage (OCV) of 640 mV when referenced against each other
which is 260 mV greater than the theoretical OCV of the unmodified electrodes.

Each of the electrodes was characterized under potentiostatic polarization, the results
shown in figure Figure 7.6 show the significant improvement of performance of the
enhanced electrodes in comparison to the unmodified (physically adsorbed enzyme) and
PBSE modified electrodes. Both the PBSE-BOx and PBSE-DPy-BOx electrode have
significantly better performance than the unmodified BOx electrode in the kinetic mode as
indicated in the polarization curves by the steep increase in current in the high overpotential
regions. The highest current of the PBSE-DPy BOx electrode in the diffusion mode was
roughly six times higher than the unmodified BOx electrode and 1.5 times greater than the
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PBSE-BOx electrode in that potential region. The PQQ-SGDH electrodes had a similar
hierarchy of performance as the BOx electrodes with the PBSE-Heme-GDH electrode
outperforming the both the PBSE-GDH and unmodified GDH electrodes in all potential
regions, but the shape of the polarization curves indicates there are relatively higher
activation loses in all of the GDH electrodes compared to the BOx electrodes. The
implication of this finding is that the anode will be the limiting electrode when operating
in full cell with a 100 mM glucose concentration.

Figure 7.6 Potentiostatic polarization curves of BOx ( ) and GDH ( ) electrodes. Black
is physically adsorbed enzyme on MWNT; Red is PBSE tethered enzyme; and Blue is PBSE
tethered enzyme on surface modified MWBP.
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7.3.4

Enhanced Electrodes Operating in an Enzymatic PEM Fuel Cell

It is well-known that one of the characteristics of hemin in nature is to bind oxygen137 and
so in order for the two developed electrodes to be combined in to a functioning fuel cell it
was necessary for the liquid electrolyte in the anodic and cathodic chambers to be separated
in order to keep the anodic chamber anoxic while still allowing the cathodic chamber to be
oxygenated. This was accomplished by incorporating a Nafion proton exchange/polymer
electrolyte membrane (PEM) in to the cell. The anodic chamber could then be purged with
N2 and the cathodic chamber oxygenated without gasses exchanging between the
chambers, while still allowing charge transfer throughout the ionic conductor. However,
the downside to this design is increased complexity and decreased performance due to the
need separate the electrodes by a greater distance in order to accommodate the polymer
electrolyte which leads to greater ohmic resistance.

When the enhanced GDH and BOx electrodes were combined together, the open circuit
voltage was found to average around a value of +617 mV, which is approximately 20 mV
lower than the theoretical OCV for these electrodes found when testing in half cell. The
unmodified BOx and GDH electrodes produced an OCV of +291 mV which is
approximately 90 mV lower than the theoretical OCV for these electrodes. The enhanced
PBSE-DPy-BOx and PBSE-Hemin-GDH electrodes were polarized against one another
and compared to the unmodified BOx-GDH electrodes (Figure 7.7).
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Figure 7.7 Potentiostatic polarization curves (black) and subsequent power curves (blue)
of adsorbed enzyme on MWBP (triangles) and enhanced enzymatic electrodes (circles).

The maximum power density produced by the enhanced-electrode fuel cell was 44.4 µW
cm-2. The maximum power density of the unmodified BOx-GDH electrode was 8.2 µW
cm-2 so the power density improvement for the enhanced cell was 36.2 µW cm-2 or a 5.4
fold increase in generated power density. The performance of the enhanced fuel cell is
almost a two-fold improvement over similar PQQ-sGDH, BOx fuel cells reported in the
literature,124 and at least part of that improvement can be attributed to the better electrical
communication between PQQ-sGDH and the electrode, while a portion of the
improvement is likely a result of the very high electrochemical active surface area of the
MWNT ink electrode.
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7.3.5

Photoelectrochemical Bioanode

As pointed out previously, the electron transfer constant (KET) between covalently bound
hemin and the electrode has been found to be relatively low, indicating that the increase in
current produced by PQQ-sGDH electrodes with covalently bound hemin could be as a
result of improved electron transfer between the enzyme and the porphyrin but may still be
hindered by the electron transfer to the electrode. Therefore, improving the electron
transfer rate between covalently bound hemin and the MWNT electrode could lead to a
further improvement of the overall performance of the hemin modified PQQ-sGDH
electrode.

In the last few years research groups have shown that TiO2 nanoparticles can be sensitized
by porphyrins for incorporation into photoanodes or to increase the conductivity of TiO 2
films.138-140 It has also been shown that hemin complexes can integrated with metallic
architectures that support a surface plasmon141 and that plasmon driven direct
photocatalysis is possible.142

However to our knowledge no photoeletrochemical

bioanodes (PEBAs) have been developed using direct electron transfer from the enzyme to
the photosensitizer, and instead the majority of these PEBAs either rely on chlorophyll or
photosystem I complexes or dissolved mediators like NADH to cycle charges between the
enzyme and the photsensitizer.143-145 Therefore we proposed to combine the photosensitive
nature of hemin and improved performance of covalently bound hemin modified PQQsGDH electrodes to produce a photoelectrochemical bioanode operating through direct
electron transfer.
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7.3.6

UV/Vis Characterization and Design Considerations of PEBA

The absorption spectra of unmodified MWNTs, free Hemin, and Hemin covalently bound
to TiO2 nanoparticles in DMSO solutions were measured using UV/Vis spectroscopy. The
spectra for Hemin in solution has a Soret band peak at 403 nm and two Q band peaks at
508 nm and 624 nm (Figure 7.8). The Hemin Soret band peak is evident, though broadened
considerably when bound covalently to titania, and the shoulder of the Soret band or a
scattering background encompasses the higher energy Q band peak while the lower energy
Q band peak, though still visible, is broadened as well. Bare MWNT don’t show much
absorbance in the visible wavelengths but all three samples start showing an increase in
absorbance towards the ultraviolet.

Figure 7.8 Absorption spectrum of bare MWNT, Hemin in solution, and Hemin covalently
bound to TiO2.
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In order to utilize hemin as a dye sensitizer the PEBA must be exposed to an external light
source and yet still be in electrical contact with the bulk electrolyte for the enzyme to
undergo electrocatalysis. Therefor a different electrode support material than opaque
Toray paper had to be utilized, and silica glass with a thin layer of Indium Tin Oxide (ITO)
was used as the charge collector/catalyst layer support. The ink containing MWNTs
decorated with hemin covalently bound to TiO2 nanoparticles and PQQ-sGDH was then
deposited on to the TiO2 layer. This design allowed photons to enter through the wall of
the electrochemical cell while still containing the electrolyte and dissolved glucose in a
closed system (Figure 7.9).

Figure 7.9 Schematic representation of PEBA anode on ITO coated glass.
The small electrochemical cell containing the PEBA was mounted in an apparatus that
collected and directed light emitted from a 405 nm LED source through two lenses and
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then reflected it up into the bottom of the cell which was composed of the ITO coated glass
with the deposited catalytic ink residue (Figure 7.10). The energy per photon (Ep) at a
wavelength of λ=405 nm is:

𝑬𝒑 =

𝒉𝒄
≈ 𝟒. 𝟗 𝒙 𝟏𝟎−𝟏𝟗 𝑱
𝝀
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where h is Planck’s constant (6.62607004 x 10-34 J s) and c is the speed of light
(299,792,458 m s-1). The power density at the electrode from the LED was 700 mW cm-2
so the total incident power on the 0.38 cm2 electrode (Pe) was:

𝑷𝒆 = 𝟕𝟎𝟎 𝒎𝑾 𝒄𝒎−𝟐 × 𝟎. 𝟑𝟖 𝒄𝒎𝟐 = 𝟐𝟔𝟔 𝒎𝑾 = 𝟎. 𝟐𝟔𝟔 𝑱 𝒔−𝟏
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And the photon flux (qp) to the electrode was therefore:

𝒒𝒑 =

𝑷𝒆
= 𝟓. 𝟒 × 𝟏𝟎𝟏𝟕 𝒔−𝟏
𝑬𝒑
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Figure 7.10 Picture of 405 nm focused LED targeted at a TiO2-MWNT-Hemin-PQQsGDH electrode on ITO glass.
134

7.3.7

Electrochemical Characterization of Photoelectrochemical Bioanode

The PEBA was characterized electrochemically to determine its open circuit potential
under illumination and in dark condition (
Figure 7.11). When the electrode is operating in the dark condition it is functioning as a
simple enzymatic anode and the OCP developed is entirely due to electrochemical
processes. In this condition the OCP is approximately -120 mV which indicates the
enzyme has good engagement with the underlying electrode. After one hour at OCP in the
dark, the 405 nm LED source was turned on. Under illumination the photoelectrochemical
anode is now operating as both a dye-sensitized photoelectrode and an electrochemical
electrode. As a result the OCP decreased from the dark condition OCP to an illuminated
OCP of approximately -190 mV. This open circuit value is considerably lower than the
same electrode without illumination and is more negative than any other PQQ-sGDH we
have previously tested.
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Figure 7.11 Open circuit potential of ITO-MWNT-TiO2-Hemin-GDH electrode in the dark
and then during illumination with 405 nm LED.
Similar to the dependence of the OCP on the dark or illuminated condition of the anode,
the processes that contribute to the generation of current by the PEBA change when the
electrode goes from a dark condition to an illuminated one. When the electrode is in the
dark, all of the current generated is a result of glucose oxidation by GDH and the current
is limited by either the electron transfer rate between GDH and hemin or hemin and the
MWNT electrode, whichever is slower. Similarly, although all of the current is still being
driving by the enzyme electrocatalysis, under illumination the electron transfer rate
between hemin and the electrode is altered by photo-induced electron transfer and this may
have an impact on which electron transfer is limiting the reaction. As is shown in Figure
7.12 the current produced under illumination is significantly higher than the current
produced by the same electrode under dark condition.

The difference between the

illuminated current and the dark current at any given potential is a pseudo-photocurrent
and for example at a potential of 0.0 V the difference between the dark current and the
illuminated current generated by the PEBA is 53.79 µA. I am referring to this as a pseudophotocurrent because the source of the electrons is still the enzyme catalyzed oxidation of
glucose.
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Figure 7.12 Potentiodynamic polarization curves of ITO-MWNT-TiO2-Hemin-GDH
anodes under illumination and in the dark.
Of particular importance in the performance of the PEBA is the improvement in current
production at potentials in which the anode is operating in kinetic mode. We showed
previously that PQQ-sGDH electrodes perform particularly poorly in the kinetic region,
and so improvement in the performance of the electrode at high overpotential is a good
indication that the kinetics are being improved by the illumination.

Previous work

indicated that the rate limiting step in the PQQ-sGDH catalysis of glucose oxidation on
covalently bound hemin modified electrodes is likely the electron transfer from hemin to
the electrode.135 However, during illumination of the PEBA this may no longer be the case
as any improvement in overall electrode performance requires that the kinetics of the rate
limiting step have changed. Therefore, future work will characterize the impact if any that
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the illumination of the PEBA has on the KET of the hemin to MWNT electron transfer
reaction.

7.4

Conclusions

Techniques developed previously to enhance the engagement of oxidoreductase enzymes
with electrode support material were applied to a PEM enzymatic fuel cell.

The

performance of enhanced BOx and PQQ-sGDH electrodes was significantly higher than
undmodified enzymatic electrodes. The OCV of the fuel cell with enhanced electrodes
was 326 mV higher than OCV of the fuel cell composed of unmodified electrodes and the
power density produced by the enhanced cell was 5.4 times greater than the power density
produced by the unmodified cell. Given previous work done individually on both the anode
and the cathode these results are not startling, but they do show the high degree to which
they can be applied towards developing a useable device.

The performance of the photoelectrochemical bioande presented here indicates that the
photoanode is capable of operating under direct electron transfer, which from a design
standpoint is an improvement over traditional PEBFCs that rely on dissolved mediators to
transfer charge between the photosensitizer and the anodic enzyme and are therefore
subject to the resulting complexity and overpotential associated with dissolved mediator
systems. The OCP of the PEBA was a result of contributions from both electrochemical
and photo-induced processes, and the current produced by the anode in all potential ranges
under illumination was increased over the current produced by the anode in the dark.
Future work will focus on characterizing the PEBA in terms of more traditional
138

photovoltaic metrics like maximum power density, fill factor, energy conversion efficiency
and incident photon to collected electron conversion efficiency as well as determining what
impact the illumination of the anode has on the electron transfer constant between
covalently bound hemin and MWNTs.
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Chapter 8 - Conclusions and Future Directions

8.1

Enhanced Electrodes Operating in a Membrane-less Fuel Cell

Although the complete EFC developed in this work showed significant improvement in
performance over an EFC utilizing unmodified electrodes – it is a general goal in EFC
design to be able to operate the device as a membrane-less fuel cell. This design
characteristic simplifies operating the cell in flow through operation which expands the
possible applications for which the EFC is suited. Therefore ongoing work developing an
enhanced membrane-less EFC will focus on removing the need to operate the anode with
a nitrogen purge (Figure 8.1) by determining the effectiveness of protoporphyrin IX, which
does not bind O2, in replacing hemin as the anode charge transfer relay molecule.

Figure 8.1 Photograph of a membraneless enzymatic fuel cell
140

8.2

Further Characterization of PEBA and Integration in to a Complete
Photoelectrochemical Biofuel Cell

Based on the development of the photoelectrochemical bioanode described in this research,
future work will look at better characterizing the impact of photo-induced electron transfer
on the electron transfer constant between hemin and the MWNT electrode. The PEBA will
also be characterized through more traditional photovoltaic metrics such as maximum
power density, fill factor, energy conversion efficiency and incident photon to collected
electron conversion efficiency as well as determining what impact the illumination of the
anode has on the electron transfer constant between covalently bound hemin and MWNTs.
Also, based on initial results and ongoing work being done with protoporphyrin IX that
indicate it possesses a photo response similar to that of hemin, it will be incorporated in to
a PQQ-sGDH PEBA to determine the viability of operating the electrode in an oxygenated
environment for future incorporation of the PEBA in to a complete EFC. Because the
PQQ-sGDH anodes described in this work, though possessing improved performance, have
shown to be the limiting electrode when combined with the developed BOx electrode, any
further improvement to the performance of the anode should result in an improvement of
the performance of the EFC as a whole.

8.3

Tri-Phase Interface

As shown previously, a steady flow of oxygen is principle for enzymes like BOx to perform
ORR. Gas diffusional electrodes (GDE) are of interest in the development of enzymatic
ORR cathodes because they represent the possibility of allowing oxygen to diffuse from
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the atmosphere outside of the cell to the submerged enzymatic catalyst.

In order for BOx

to perform the oxygen reduction reaction (ORR) the enzyme must remain in contact with
all three phases as it must; i) take in gaseous diatomic oxygen, ii) communicate
electronically with the carbon support, and iii) accept protons from and deliver water to the
bulk liquid electrolyte. To further complicate this relationship, in an air breathing cathode
oxygen must transverse the tri-phase interface and so it has been proposed that one of the
performance restrictions of the air breathing hybrid electrode under development is due to
hindered oxygen mass transport and enzyme accessibility limitations across the tri-phase
interface and within pore waters.

To address this question, initial experiments have been carried out to determine if oxygen
mass transport at the tri-phase interface was limiting the oxygen concentration in the
catalytic layer and subsequently enzyme ORR. In all cases, a cylindrical carbonaceous
electrode with PBSE immobilized BOx on the surface was placed in an electrochemical
cell and characterized in 3-electrode mode via potentiostatic or potentiodynamic
polarization. After running the electrode submerged in electrolyte, it was slowly drawn
out of the cell in to 100% relative humidity (RH) atmosphere (Figure 8.2) at a rate of
approximately 10 µm s-1. After drawing the electrode out for 50 minutes, 30 mm of the
previously submerged electrode had been exposed to the atmosphere with approximately
10 mm remaining in contact with the bulk electrolyte. By drawing the electrode slowly
out of the electrolyte a thin film can collect on the surface and be held in place by capillary
action. The formation of this thin film preserves the tri-phase interface as the electrode is
exposed to atmosphere while allowing the distance oxygen must diffuse through to be as
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small as possible. The 100% relative humidity inhibits evaporation of the electrolyte thin
film.

Figure 8.2 Picture of 10 carbon thread electrode suspended from the computer controlled
lifting device in 100% relative humidity atmosphere.

A number of different electrodes have been constructed so far. The first electrode, referred
to as the column electrode (Figure 8.3), was constructed by tightly rolling flexible carbon
fabric around a stainless steel wire current collector. 10 mg ml-1 BOx was immobilized on
the carbon column electrode with a 10 mM PBSE solution and then after submerging the
electrode in 0.1 M KPB buffer (pH 7.5) with 0.1 M KCl, potentiodynamic polarization was
performed at a scan rate of 2 mV s-1. The electrode was then slowly drawn out as described
above and open circuit potential (OCP) measured for one hour before the polarization was
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performed again. Finally, the electrode was re-submerged (again running OCP for one
hour) and polarized once more.

The column electrode produced the highest current during the first polarization after initial
submersion (Figure 8.3). The current dropped dramatically after the electrode was exposed
to the 100% RH atmosphere. However, after being re-submerged most of the catalytic
activity returned. This performance profile indicates that much of the electrode was
inactive when exposed to the atmosphere which can possibly be attributed to the porous
nature of the electrode material. The high porosity results in a high surface area, which is
beneficial when the electrode is in the flooded pore condition within the bulk electrolyte.
However, when a majority of the electrode is not in contact with the bulk electrolyte, even
though the flooded pore condition persists, the porous nature of the electrode likely results
in a discontinuous electrolyte phase (i.e. no continuous thin film formation). This condition
leaves large regions of the electrode isolated from the bulk electrolyte, preventing those
regions from producing current. Upon re-submersion the isolated regions are reconnected
to the continuous phase and current generation from those regions resumes. The relatively
large diameter of the column electrode (≈5 mm) also likely prevents capillary action further
hindering the development of a thin film.
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Figure 8.3. (Left) Picture of carbon paper column electrode. (Right) Potentiodynamic
polarization curves of BOx immobilized with PBSE on a carbon paper column electrode:
i) during initial submersion in electrolyte (black); ii) after being slowly withdrawn from
the electrolyte in to 100% relative humidity atmosphere (red); iii) after being re-submerged
in to electrolyte (blue); scan rate 2 mV s-1.
Another type of electrode tested was constructed from a bundle of about 100 individual
carbon threads (Figure 8.4) with diameters of 100 – 200 µm each. The threads were bonded
together at one end with conductive silver paint to facilitate a mechanical and electrical
connection among the threads and to the potentiostat. The resulting bundle was then
prepared and characterized as described above. The performance profile of the bundle
electrode was very similar to that of the column electrode with the highest current being
produced after initial submersion (Figure 8.4). When exposed to 100% RH atmosphere
the bundle electrode produced very little current. Although the carbon threads are much
less porous than the carbon paper of the column electrode, the diameter of the 100 thread
bundle is still too large to support capillary action for thin film formation. However, like
the column electrode the bundle electrode recovered its activity after being re-submerged.
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Figure 8.4. (Left) Picture of carbon thread bundle electrode. (Right) Potentiodynamic
polarization curves of BOx immobilized with PBSE on a carbon thread bundle electrode:
i) during initial submersion in electrolyte (black); ii) after being slowly withdrawn from
the electrolyte in to 100% relative humidity atmosphere (red); iii) after being resubmerged
in to electrolyte (blue); scan rate 2 mV s-1.
After testing the large bundle of carbon threads a number of progressively smaller thread
count electrodes were tested. The smallest of these electrodes was composed of 10 carbon
threads (Figure 8.5) and had a diameter of approximately 500 µm. Due to the small surface
area of the electrode the catalytic current produced after initial submersion was much lower
than the column and carbon thread bundle electrodes. However, in contrast to the other
cathodes tested, after drawing the 10 carbon thread electrode up to the exposed position,
the current produced during potentiodynamic polarization was improved compared to the
submerged current (Figure 8.5).
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Figure 8.5. (Left) Picture of 10 carbon thread electrode. (Right) Potentiodynamic
polarization curves of BOx immobilized with PBSE on a 10 carbon thread electrode: i)
during initial submersion in electrolyte (black); ii) after being slowly withdrawn from the
electrolyte in 100% relative humidity atmosphere (red); scan rate 2 mV s-1.
The electrode was then resubmerged and OCP measured for one hour followed by
potentiostatic polarization at -100 mV performed continuously while the electrode was
drawn out of the electrolyte at a rate of 10 µm s-1 to maintain a quasi-steady state (Figure
8.6). As the electrode position increased (0 is fully submerged, 30 mm is fully exposed)
the catalytic current also improved. At 3000 seconds the electrode position reached apogee
which also corresponded with the highest generated current. In contrast to the column and
large carbon thread bundle electrodes, the performance of the 10 carbon thread electrode
remains active throughout the cycling of the electrode position. Furthermore, the initial
data indicates that electrode performance improves as a result of exposure to saturated
atmosphere which may be due to the formation of a thin electrolyte film.
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Figure 8.6. Potentiostatic polarization curve of BOx immobilized with PBSE on a 10
carbon thread electrode (solid blue) at -100 mV vs Ag/AgCl; electrode position relative to
position when fully submerged (dashed black).
These initial experiments indicate that although difficult to simulate, the mass transport of
oxygen in the flooded pore region and across the tri-phase interface may be a non-trivial
factor in the overall performance of oxygen limited systems such as those depending on
gas diffusional electrodes. In such systems, there may be a restriction on the overall
performance of the gas diffusional electrode due to the hindered movement of oxygen
across the tri-phase interface and through the pore water. Future studies will look at more
idealized systems to further understand how the ability for the enzyme to reduce oxygen
from the GDE is affected by the tri-phase interface.
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